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Abstract of the Disserta t ion
The f i r s t  experimental observation of laser  induced fluorescence from the 
furan cat ion ,  C4 H4 0+ , is  reported. The ion is formed 1n a supersonic free  j e t  
expansion via a two photon photoionization involving the 193 nm output of an 
ArF excimer lase r .  The B -► X electronic  t r a n s i t io n  1s probed and v ibra tional 
assignments are presented for  both s ta t e s .  Comparisons to the in frared ,
Raman, multiphoton ionization,  and photoelectron spectrum of the parent 
molecule are made. The term value, T q q ,  for  the B - X e lec t ron ic  t r a n s i t io n  
is located a t  24,675 cm- 1 , which d i f f e r s  d r a s t i c a l ly  from previously reported 
values from both experimental and theore t ica l  invest igat ions .  These 
d i fferences  are discussed and probable explanations proposed. Our ro ta t iona l  
analysis  bears out the expectation tha t  the furan cation 1 s a near oblate 
top. Rotational constants and assignments are discussed. The l i fe t ime of the 
v ib ra t ion les s  level of the B s ta te  i s  measured to  be 330 ns.
3 3We also report  the observation of C2  Swan band emission (d -  a nu , 170 
ns l i fe t im e)  in a supersonic free  j e t  using a pulsed lase r /vapor iza t ion  source 
with a graphite t a rg e t .  In helium, Swan band emission i s  observed a t  
d is tances  of up to 15 nozzle diameters from the o r i f i c e  and as long as 
6  us a f t e r  the lase r  pulse, which immediately es tab li shes  the existence of 
some mechanism for  the continuous local ized formation of excited C2  molecules 
a t t h i s  point in the f ree  j e t .  The emission data are reported as a function 
of l a se r  in te n s i ty ,  backing pressure, downstream distance ,  and delay times. 
Evidence is  presented supporting the continuous local ized formation of excited 
C2  molecules in the f ree  j e t  via d issoc ia t ive  processes involving larger  
neutral  and charged carbon c lu s te r s .  The bearing of these r e su l t s  on the 
in te rp re ta t io n  of c lu s te r  s t a b i l i t y  data i s  discussed.
x i i
1. INTRODUCTION
Laser spectroscopy is  a powerful tool for  invest igating the s t ruc ture  of 
molecules and the dynamics of chemical processes.  Molecular spectra  of gas 
phase samples can provide a wealth of information, provided the spectra  can be 
understood. However, th i s  is  not always possible.  In a l l  but the smallest 
molecules,  a large number of vibrational and ro ta t ional  quantum s ta te s  are 
populated a t  room temperature by thermal co l l i s io n s .  Each of these s ta te s  1n 
turn  contr ibutes  features  to the observed spectrum, re su l t ing  1 n a complicated 
s e r i e s  of many individual l ines .  Often these molecular spectra  become so 
congested tha t  they cannot be resolved Into t h e i r  individual components and 
appear only as broad, s t ruc tu re less  fea tures .  Even under favorable conditions 
where the spectra l  components are resolvable,  there may be so many l ines  t h a t  
the spectrum becomes exceedingly d i f f i c u l t ,  If  not Impossible, to  In te rp re t .
Recently, the use of supersonic f ree  j e t s  to  prepare low temperature, gas 
phase samples has become an increasingly popula" technique for  el iminating 
such spectra l  congestion . * - 7  For some time, the dual object ive of preparing 
an i so la ted  gas phase sample which also has low in ternal temperatures,  i . e . ,  
molecules residing in t h e i r  lowest vibrational and ro ta t iona l  quantum s t a t e s ,  
has been desired by spectroscopls ts .  However, the use of t ra d i t io n a l  methods 
has made these two goals mutually exclusive. Room temperature gas phase 
samples typ ica l ly  possess high internal temperatures, i . e . ,  molecules having 
considerable population in t h e i r  higher lying vibra tional and ro ta t ional  
quantum s ta t e s .  Yet, 1f one lowers the internal temperature of a sample by 
cooling 1 t  with a proper r e f r ig e ra n t ,  one is l imited on the low temperature 
side by the freezing point of the sample. If  temperatures much below the
1
2freezing point are des ired, the reduced vapor pressure wi l l  require tha t  the 
spectroscopy be done on a sol id sample. While the spectroscopy of so l ids  and 
the elucidat ion of the intermolecular In teract ions th a t  occur 1 n them is  an 
in te re s t in g  f i e ld  in I t s  own r ig h t ,  one is often in teres ted  in studying the 
intramolecular propert ies  of an isolated molecule which is  f ree  from external  
perturbat ions .  In such instances, standard cooling techniques cannot be used 
to  achieve the extremely low internal temperatures desired by spectroscopists .
The use of a supersonic free  j e t  expansion allows the preparation of 
i so la ted ,  gas phase molecules which have low internal temperatures as well .
I t  thereby r e ta in s  a l l  the advantages of Implanting a sample in a low 
temperature solid  s ta t e  matrix without the disadvantage of Intermolecular 
per turbat ions .  Such an expansion 1s achieved when one allows a gas a t  high 
pressure to expand through a small o r i f i c e  or nozzle Into a vacuum. The 
expansion cools the t rans la t iona l  degrees of freedom of the gas mixture by 
narrowing the veloci ty  d i s t r ib u t io n  of the sample and hence reduces the 
r e l a t iv e  c o l l i s io n  energies of the molecules. In the postnozzle region of the 
expansion, t h i s  cold t rans la t iona l  bath acts as a re f r ige ran t  for  the other 
degrees of freedom of the molecule. The unique feature  of a supersonic 
expansion th a t  d is t inguishes  i t  from an ordinary re f r ige ran t  1 s tha t  the 
molecule of in te re s t  i s  only in contact with the cold bath for  a f i n i t e  amount 
of time. Therefore, the f ina l  s ta te  of the system i s  determined more by 
k ine t ics  than thermodynamics. As the expansion proceeds, the density of the 
gas drops and eventually becomes too low to  provide the co l l i s ions  necessary 
to  connect the internal degrees of freedom of the molecule with the 
t r an s la t io n a l  bath. In the absence of such c o l l i s io n s ,  no energy can flow 
from the Internal  degrees of freedom, and the s ta te  tha t  the system had when 
i t  entered the c o l l i s io n - f r e e  region is  "frozen" from tha t  point on.
3Therefore, in the low density,  co l l i s io n - f ree  portion of the supersonic 
expansion, the molecules of in te re s t  may be frozen in a very non-equilibrium 
s ta t e  where extremely low internal temperatures do not necessar i ly  preclude 
the simultaneous existence of an iso la ted ,  gas phase sample as well .  Since 
condensation i s  a much slower process than ro ta t iona l  and vibra tional 
re laxa t ion ,  extensive internal cooling can be achieved before condensation 
takes place. Obviously, those degrees of freedom which eq u i l ib ra te  most 
rapidly  with the t rans la t iona l  bath will  be the coldest at  the point where the
•3
expansion runs out of co l l i s io n s .
In addit ion to  providing iso la ted ,  in te rna l ly  cold, gas phase molecules,  
the supersonic f ree  j e t  expansion provides an ideal environment in which to  
study a class  of molecules commonly referred to as "chemical Intermediates".  
This label appl ies to  any molecular or atomic species that  i s  produced during 
the de ta i led  mechanism of an overall  react ion but 1 s not an Isolable  end 
product of th a t  react ion .  Generally,  such Intermediates are physically s table  
ye t  chemically unstable.  That i s ,  they are highly reac t ive ,  but the 
unperturbed species will  not spontaneously decompose. Examples Include 
reac t ive  atoms such as H, 0, and N; neutral f ree  rad ica ls  such as CH, CIO, and 
C5 H5  (cyclopentadienyl);  charged molecular ions such as C ^ - * CgHg+ (benzene 
ca t io n ) ,  and C4 H4 0+ (furan ca t ion) ;  and neutral and Ionic c lu s te r s  such as 
C4 H4 0+-Ar, C6 H6 +-He, and I 2 -Ne.
Devising methods of detect ing,  character iz ing,  and monitoring the 
dynamics of these chemical intermediates 1 s important for  two general 
reasons. F i r s t ,  these chemical intermediates are simpler and much more 
reac t ive  pieces of larger  molecules. Their physical charac te r iza t ion  can play 
a key role  1 n the fundamental understanding of molecular bonding and 
reac t ion .  Second, the capabi l i ty  to detect  and monitor the t ran s ien t
4populations of these Intermediates i s  important 1 n the understanding of the 
de ta i led  mechanisms, and hence the contro l ,  of many complicated chemical 
r eac t ions  of commercial and environmental Importance.*
Neutral and Ionic c lu s te r s  are an in te res t ing  group of molecules in t h e i r  
own r ig h t  and deserve fu r ther  comment. Chemists are ty p ica l ly  accustomed to 
studying molecules which are held together by chemical bonds with d issoc ia t ion  
energies  on the order of tens  of thousands of wavenumbers. Since such bond 
energies are very much larger  than the thermal co l l i s lona l  energies (kT) at  
room temperature, chemically bound molecules are usually s tab le  with respect
to binary co l l i s io n s  with Inert  partners .  On the other  hand, van der Waals
9  3forces are  1 0 - 1 0  times weaker than chemical forces ,  and a t  room temperature 
produce bonds with d issocia t ion  energies on the order of 1 0 0  cm- * which is  
comparable to  or weaker than kT. Therefore binary c o l l i s io n s  with Ine r t  room 
temperature par tners  are l ike ly  to lead to the breaking of van der Waals 
bonds. Intermediate between these two extremes are the ionic c lu s t e r s ,  which 
possess bonds with d issoc ia t ion  energies on the order of 1000 cm- *. This 
Increased bond strength is  due to the fac t  th a t  ionic c lu s te r s  are not only 
held together  by van der Waals forces but are subject to charge-induced dipole 
in te rac t ions  as well .  Therefore, they represent an in te res t ing  c lass  of 
molecules since they possess bond strengths which are Intermediate between 
those of a t rue  chemical bond and those of a van der Waals bond.
The in t e r e s t  in th i s  species of molecules is  widespread. I t  a r i ses  in 
par t  from a des ire  to  understand the van der Waals and Ionic forces  themselves 
and in p a r t  from the f ac t  tha t  knowledge of the s t ruc tura l  and dynamic 
fea tures  of these molecules may shed some l ig h t  on the analogous fea tu res  in
q
more complicated chemically bound molecules. The study of such c lu s t e r s  is 
also important in the understanding of solvation e f fe c t s .  Observation of the
5individual proper t ies  of c lus te rs  as they are formed in la rger  and la rger  
s izes  enables one to determine a t  what point a sample begins to  take on the 
c h a ra c te r i s t i c s  of a bulk solid or l iqu id .  Additionally, the study of Ionic 
c lu s te r s  i s  helpful in understanding the chemical processes tha t  occur in the 
atmosphere.
The study of molecules in a supersonic free  j e t  expansion i s  a p r o l i f i c  
f i e ld  which has provided much valuable spectroscopic information. However, by 
f a r  the large body of experimental work published to date has been performed 
on s tab le  molecules. Therefore, the recent extension of th i s  technique to the 
study of chemical Intermediates represents the opening of a new realm of 
inves t iga t ion  to the experimental chemical phys ic is t .  Nonetheless,  there  are 
new problems associated with th i s  advance as well .  Due to the f ac t  tha t  
chemical intermediates are highly reac t ive ,  they are not found na tu ra l ly  in 
the laboratory s e t t in g .  In order to study such species,  one must 
simultaneously create  and i so la te  them 1 n a co l l i s io n le s s  environment where 
chemical reactions  are not allowed to  take place. In a supersonic f ree  j e t ,  
one method of accomplishing th is  is  by seeding a small concentration of a 
su i tab le  precursor molecule into a large amount of an ine r t  c a r r i e r  gas,  i . e . ,  
argon or helium, and allowing the mixture to undergo a supersonic expansion.
As the mixture ex i t s  the nozzle o r i f i c e ,  the expansion 1s crossed with a 
t i g h t ly  focussed beam from a photolysis la se r .  This lase r  e i th e r  
photofragments or photoionizes the precursor molecule to  form the chemical 
intermediate of in t e re s t .  This technique achieves both goals of creat ing and 
iso la t ing  the molecules simultaneously. However, i t  can also in t e r f e re  with 
the cooling mechanism 1 n the j e t ,  since photofragmentation typ ica l ly  leaves 
the fragment molecules In ternal ly  hot with substantial  populations in t h e i r  
higher lying vibra tional and ro ta t ional  energy levels .  Depending on where the
€fragmentation takes place with respect to the nozzle,  such heating l imits  the
amount of internal  cooling tha t  can be achieved 1 n a supersonic expansion.
Addi t ional ly,  since chemical Intermediates must be formed in s i t u  1n the
expansion, they are usually present in low concentrations, thereby
accentuating the need for  very sensi t ive detect ion systems.
In th i s  t h e s i s ,  three systems will be studied. F i r s t ,  a detailed
spectroscopic invest igat ion of the B + X t ra n s i t io n  in the furan cat ion,
will be presented. This work represents the f i r s t  lase r  Induced
fluoresence study of any s ta te  of the furan cat ion.  Second, the ground s ta t e
vibra t ional  s t ruc ture  of the cyclopentadlenyl rad ica l ,  i . e . ,  C5 H5 , will  be
discussed and compared to tha t  of the furan cation.  The cyclopentadlenyl
radical  is Isoelectronic  with the furan cation and hence th e i r  s tuctures  wil l
be co r re la ted .  Final ly ,  the dynamics present in the ea r ly  s tages  of a
laser /vapor iza t ion  supersonic j e t  c lus te r  source wil l  be Invest igated.
Recently, such sources have been extensively used to study the c lus te r ing  of
Q IPneutral  and ionic species.
2. SUPERSONIC FREE JET EXPANSION THEORY
Since the ear ly  work of Kantrowitz and Grey1®, Kistiakowsky and 
S l i c h te r14, and Becker and Bier*5, supersonic expansions have been studied 
extensively with much a t ten t ion  paid to  the d e ta i l s  of the gas dynamics 
occurring within them. I t  is  beyond the scope of th i s  th e s i s  to review the 
vast l i t e r a t u r e  on t h i s  subject.  Rather, the purpose of t h i s  sect ion 1s to  
summarize the relevant propert ies  of supersonic j e t s  and to  give some feeling 
fo r  the operating conditions tha t  have been used for  lase r  spectroscopy. 
Several excel len t  reviews1-®’® have been wri tten  on th i s  subjec t ,  and the 
following discussion is  based in large par t  on material presented there in .
A supersonic expansion is  formed when a high pressure gas I n i t i a l l y  
contained in a reservoir  i s  expanded through an o r i f i c e  or nozzle into a 
vacuum or low pressure region. If the flow is collimated with aper tures  
downstream of the nozzle,  a supersonic molecular beam is  produced. If  no 
attempt is made to collimate the flow, one has a supersonic free j e t .
By way of comparison to a supersonic expansion, a b r ie f  descrip t ion  of an 
effus ive molecular beam1 6  may prove useful .  For such a source, the pressure 
in the gas reservo ir  i s  e i ther  low enough or the o r i f i c e  small enough so th a t  
the mean f ree  path, a q ,  of the gas molecules in the rese rvo ir  is  much larger  
than the diameter,  D, of the o r i f i c e .  In th is  manner no co l l i s io n s  are 
allowed to take place as the molecules leave the o r i f i c e ,  and therefore  no 
exchange of information can occur in the expansion process,  I . e . ,  no change in 
the propert ies  of the gas as i t  leaves the reservo ir .  Consequently, an 
effusive source simply t ransfe rs  molecules from a reservoir  where they suffe r  
c o l l i s io n s  to  a low pressure region where they do not,  without a ffect ing  the 
p ropert ies  of the gas.
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8Conversely, a supersonic expansion is  e s sen t ia l ly  a device for  converting 
random thermal energy into directed mass flow 1n the expanding j e t .  In a 
supersonic expansion, e i the r  the reservoir  pressure or the o r i f i c e  diameter 1 s 
large enough so that  Aq < D thereby allowing c o l l i s io n s  to occur both in and 
downstream from the o r i f i c e .  This means th a t ,  unlike an effusive  source where 
the flow 1 s molecular, in a supersonic expansion the flow is  hydrodynamic and 
can be described using thermodynamic pr inc ip les .  One can model such a flow by 
considering a small segment of gas tha t  1 s large enough to contain enough 
molecules so tha t  continuum thermodynamics can be applied, yet small enough so 
tha t  the intensive thermodynamic variables  are constant throughout the 
segment. The flow can then be described by calcula t ing how the thermodynamic 
properties  of the segment change as the gas expands and flows downstream.
In the absence of sources or sinks of entropy such as viscous fo rces ,  
heat conduct ivity,  shock waves, or chemical react ion ,  the expansion remains 
i sen trop ic ,  i . e . ,  revers ib le  and adiabat ic .  From Maxwell's r e la t io n s  i t  i s  
easy to  see tha t
— = - — < 0  11)  aV s aS v
and tha t  therefore the gas 1 s cooled as I t  expands.
This cooling mechanism is  physically resonable since as the expansion 
proceeds the flow velocity increases and the enthalpy associated with the 
directed flow must come from the random thermal enthalpy o r ig ina l ly  present in 
the s t a t i c  gas.  Using the pr inc ip le  of conservation of enthalpy, i t  i s  
possible to  obtain a re la t ionship  between the downstream temperature and the 
flow veloc i ty .  If  h is  the enthalpy per uni t  mass a t  some point downstream 
from the nozzle,  h0  is  the enthalpy per unit  mass in the r e se rv o i r ,  and v is 
the flow veloci ty ,  then
h 0  =  h  +  v 2 / 2  ( 2 )
9For an ideal gas
h„-h -  Cp(T0-T) = h / (Y - l ) r (T „ -T ) |  (3)
where y = Cp/Cy r  = the gas constant per uni t  mass = (Cp-Cv) ,  and Cp and Cv 
are the heat capaci t ies  per uni t  mass at constant pressure and constant 
volume, respect ively .  The quantity T is  the downstream temperature and Tq i s  
the rese rvo ir  temperature. For an ideal gas the local speed of sound, a,  is  
r e la ted  to the local temperature, T, by
a = ( y r T ) 1 / 2  (4)
and therefore  one can combine equations (2)-{4) to obtain
f -  = (1 + ( ^ A m2) _1 (5)
'o c
where M = Mach number = v/a.
For an isentropic  process in an ideal gas,  the pressure is  given by
P = KpY ( 6 )
where K = constant and p is  the density.  This re la t ionsh ip  in combination 
with the ideal gas law may be used to  provide the re la t ionsh ips  between 
pressure and density and the Mach number. These re la t ionsh ips  are
f -  = ( 1  + {*r)M2) ^
K0  t
1
= (1 + « V )  U y (8)
P 0  e-
In order to calcula te  the temperature, pressure, or density as a function 
of pos i t ion  downstream from the nozzle i t  is  necessary to  know the Mach number 
as a funct ion of posit ion.  The solution to  th is  problem requires  solving the 
hydrodynamic equations of flow and cannot be obtained from thermodynamics. 
Ashekas and Sherman*® have shown th a t  for  a continuous gas and for  dis tances
g rea te r  than a few nozzle diameters from the o r i f i c e ,  the Mach number is  given
by
10
M = A(X/D)y_1 (9)
where X is  the distance downstream from the nozzle,  D is  the nozzle diameter
and A is  a constant that depends on y  and is 3.26 for  a monatomic gas. Using
17the above r e la t io n s ,  Lubman, Rettner,  and Zare have calculated the two-body
c o l l i s io n  r a te  in a free  j e t  expansion to  be
z j e t = <2>1/ 2" ° 5o i 1+ <1 0 >
where n = molecular dens ity ,  a = co l l i s iona l  cross sect ion,  , and Vq = mean 
ve loc i ty  in the reservoir .  For a given o r i f i c e  s ize ,  one can ca lcu la te  the 
number of co l l i s io n s  tha t  a molecule has suffered at various posit ions 
downstream from the o r i f i c e  by Integrat ing the product of the time of  t r a v e l ,  
based on the flow veloci ty  of the c a r r i e r  gas involved, with the c o l l i s io n
ra te  over the range of distances  tha t  one is in teres ted  in.
An example of the use of these re la t ionships  is presented in Figure 1.
The top half of the figure 1s a schematic diagram of a f ree  j e t  expansion 
i l l u s t r a t i n g  how random thermal motion 1 s converted Into d irected mass flow. 
Shown below the expansion is  a scale measuring distance downstream (X) in 
un i ts  of the nozzle diameter (D). Given a t  various posit ions downstream are 
the Mach number, the temperature, the density (in t o r r  a t  standard temperature 
and pressure (S .T .P .) ,  1 S.T.P. t o r r  = 3 .54x10^ molecules per cubic 
centimeter) ,  the pressure (in m i l l i t o r r ) ,  and the number of  two-body 
co l l i s io n s  between X/D = 5 and the indicated point .  Although i t  i s  not 
possible  to  draw completely d i s t i n c t  boundaries, 1 t  1 s reasonable to assume 
tha t  most of the n-body (n > 3) co l l i s ions  occur below X/D = 5 fo r  typical  
expansion condit ions, whereas the region beyond X/D = 5 1s dominated by two- 
body c o l l i s io n s .  Since three-body (and higher) co l l i s ions  are d i f f i c u l t  to  
model th e o re t i c a l ly ,  t h i s  example will  be concerned only with the region 
beyond X/D = 5, where two-body co l l i s ions  predominate, since these can be
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modelled accurately.  For the present ca lcula t ion ,  a typical s tagnation 
pressure behind the nozzle of 10 atmospheres (7600 to r r )  of helium a t  300K is  
considered. Further,  a nozzle diameter of 0 = 0.150 mm and a c o l l i s io n  cross 
sect ion of 50 square angstroms are assumed. The l a t t e r  quanti ty  1s a typical 
cross -sec t ion  for  a r ing-s tructured molecule, such as furan or benzene. The 
mean veloci ty  of the molecules in the reservoir  1 s calculated to be
C
approximately 1.3 x 10 cm/sec for  a s t a t i c  gas of helium at  300K, and the 
terminal flow veloci ty  of helium in a supersonic expansion i s  taken from
C
reference 1 as 2 x 10 cm/sec. Note th a t  most of the c o l l i s io n s  occur by 30 
nozzle diameters in a supersonic f ree  j e t  expansion. Whereas 120 co l l i s io n s  
take place in the region from 0 to 30 nozzle diameters, only 7 occur in the 
region from 30 to 60 nozzle diameters.  Hence, most of the cooling c o l l i s io n s  
take place ear ly  in the expansion, and by 30-50 nozzle diameters the "cold" 
molecules find themselves in an e s sen t ia l ly  co l l i s io n - f r ee  environment where 
they can be studied 1 n the gas phase.
From the above discussion, i t  1s obvious tha t  the supersonic free j e t  
expansion is  an ideal environment in which to  prepare i so la ted ,  in te rna l ly  
cold molecular samples. However, simply obtaining low temperatures is not the 
object of a supersonic f ree  j e t  expansion. To be usefu l ,  these temperatures 
must be produced in the gas phase with l i t t l e  or no condensation. This 1s 
possible  in a supersonic expansion because the molecule of i n t e r e s t  1 s in 
contact with the cold bath for  only a short time. As the expansion proceeds 
downstream, the t rans la t iona l  temperature decreases but the molecular density 
decreases as well .  For the example in Figure 1, the number density drops by a 
fac to r  of 500 within the f i r s t  10 nozzle diameters,  and then drops by a 
comparably small fac tor  of less  than 40 1n the next 50 nozzle diameters.
Hence, the majority of c o l l i s io n s  have occurred by 30-40 nozzle diameters.
FIGURE
Distance (X/D)
Mach number 
Temperature (K) 
Density (S.T.P. torr) 
Pressure (mtorr) 
Collisions (5 -^X)
SUPERSONIC FREE JET EXPANSION
(Taken from referen ce 1)
I ' I 1 1 ' 1 ‘ 1 ' 1
10 20 30 40 50 60
15 24 32 38 44 50
4.0 1.6 0.9 0 .6 0.5 0 .4
15 3.7 1.6 0.9 0 .6 0.4
150 15 3.5 1.5 0 .7 0.4
90 106 112 H5 117 119
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Whereas cooling requires only two-body c o l l i s io n s ,  condensation requires  
three-body (or higher) co l l i s ions  to form nuclei around which condensation can 
take place.  Therefore i t  must occur primarily in the region below X/D * 5, 
which is  dominated by such co l l i s io n s .  After tha t  point ,  two-body co l l i s io n s  
predominate and condensation e s sen t ia l ly  cannot take place.  A common method 
for  l imit ing molecular condensation is  the use of a seeded mixed-gas 
expansion. If  a small quantity of the molecule of i n te re s t  is  mixed with a 
large amount of a c a r r i e r  gas,  such as argon or helium, and the mixture is  
expanded to form a supersonic free j e t ,  most of the co l l i s ions  wil l  be between 
Iner t  gas atoms. Since the interatomic forces are much weaker between Iner t  
gas atoms than they are between react ive molecules, condensation i s  grea t ly  
reduced.
At f i r s t  glance, one might think i t  a l i t t l e  surprising th a t  such j e t s  
are refer red  to  as "supersonic" expansions. After a l l ,  the limit ing j e t  flow 
ve loc i ty  Is only s l ig h t ly  greater  than the average veloci ty  of the molecules 
in the s t a t i c  gas.  However, the local speed of sound is  proportional to the 
square root of the t rans la t iona l  temperature. Thus, as the expansion 
proceeds and the t rans la t iona l  temperature decreases,  the Mach number (M), 
which is  the r a t io  of the flow velocity to the local speed of sound, increases 
dramatically .  For the portion of the expansion shown in Figure 1, H has 
already reached a value of 50 by 60 nozzle diameters.  However, I t  would be 
incorrect  to assume tha t  any a r b i t r a r i l y  large Mach number or a r b i t r a r i l y  low 
temperature can be reached a t  some point su f f ic ien t ly  f a r  downstream from the 
nozzle.  This is not the case because at some point the gas density becomes 
low enough so tha t  there are no binary c o l l i s io n s .  In such a s i tu a t io n ,  the 
individual gas molecules can no longer exchange information and the 
temperature of the expanding gas cannot change. The molecule's internal
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degrees of freedom are essen t ia l ly  "frozen" from th a t  point on. This causes M
to reach a limit ing value known as the terminal Mach number, My. Anderson and
IQ
Fenn have predicted tha t  the terminal Mach number should be a function of 
the product (PqD), where Pq is  the backing pressure in the rese rvo ir  and D i s  
the nozzle diameter,  and they have deduced an expression
My = e (D/aq ) (y“ 1/y) (11)
where Aq i s  the mean free  path in the reservoir ,  y Is the heat capacity r a t i o ,  
and e is  a constant ch a rac te r is t ic  of the pa r t icu la r  gas in question. For
argon, the experimental value of e has led to
Mt = 133(P0D)0 *4 (12)
At a s tagnation pressure of 10 atmospheres and a nozzle diameter of 0.150 mm, 
one obtains a terminal Mach number of 62.3 for  argon.
The most s ign i f ican t  exception to equation (11) i s  the case of helium a t  
high Mach numbers. Miller e t  al.*® have shown tha t  because of quantum 
e f f e c t s ,  the co l l i s iona l  cross section increases rapidly  with decreasing 
energy of the gas. Therefore, a t  low temperatures, helium continues to  
c o l l id e  at dis tances fa r  beyond what would have been the low density  l im it  fo r  
a c la s s ica l  gas. This allows one to obtain fa r  higher terminal Mach numbers 
and f a r  lower t rans la t iona l  temperatures than would be predicted by equation 
(11).  Mach numbers of up to 250 corresponding to  a temperature of 0.015K 
(assuming a reservoir  temperature of 300K) have been achieved in helium
on
expansions , and Mach numbers of up to 770 corresponding to a temperature of
? 10.0015K have been predicted theo re t ic a l ly .  Even in comparison to  today 's  
sophis t ica ted low temperature technology, a supersonic f ree  j e t  expansion is  
not a bad r e f r ig e ra n t .
In a supersonic expansion two changes take place. F i r s t  of a l l ,  the 
center of the veloci ty  d is t r ibu t ion  s h i f t s  to a non-zero flow ve loc i ty ,  and
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secondly the d i s t r ib u t io n  narrows because of the t rans la t iona l  cooling. These 
e f fec t s  are i l l u s t r a t e d  1n Figure 2 for  a Mach 10 supersonic expansion, as
compared to  a s t a t i c  gas velocity d is t r ibu t ion  a t  300K. From a
spec t roscop is t ' s  point of view, the most important physical property i s  not 
the most probable velocity but the width of the velocity d i s t r ib u t io n ,  since 
t h i s  determines the r e la t iv e  energies of co l l i s ions  in the expanding gas. The 
gas may be moving with a high flow velocity ,  but 1 f  a l l  the molecules are 
moving a t  about the same veloci ty ,  co l l i s ions  between them will  be of low 
energy.
I f  only the t rans la t iona l  motion of a gas were cooled, a supersonic 
expansion would be of l i t t l e  use to a spectroscopist in teres ted  in cooling the 
internal molecular motions. Since the d is t r ibu t ion  of molecular v e lo c i t i e s  is 
narrow, the energies of the co l l i s ions  tha t  occur 1 n the expansion wil be 
c h a ra c te r i s t i c  of these low temperatures.  As a r e su l t  of these c o l l i s io n s ,  
the internal degrees of freedom of the molecules, i . e . ,  the vibra tional  and 
ro ta t iona l  energy levels ,  will relax toward these same low temperatures. In 
e f f e c t ,  the vibra ting and rota t ing molecule finds i t s e l f  in a t r a n s la t io n a l ly  
cold bath and the Internal degrees of freedom are cooled by c o l l i s io n s  j u s t  as 
i f  they had been Immersed in liquid helium.
As the expansion proceeds, the density of the gas and the p robab i l i ty  of
c o l l i s io n s  decrease. Thus the ul timate d is t r ibu t ion  of internal  e xc i ta t ion  in 
the molecule may not reach precise  equilibrium with the t rans la t iona l  
temperature of the molecule. As a rough ru le ,  ro ta t io n a l - t ra n s la t io n a l  
equilibrium is  usually rapid,  and rota tional  temperatures are ra re ly  g rea t ly  
d i f f e r e n t  from t rans la t iona l  ones 1n a simple expansion. However, 
v ib ra t io n a l - t ra n s la t io n a l  equilibrium is usually less  e f f i c i e n t  and often 
depends of the d e ta i l s  of the vibrational  s t ruc ture .  Nonetheless, substant ia l
FIGURE 2. VELOCITY DISTRIBUTION IN 
A SUPERSONIC FREE JET 
EXPANSION
(Taken from reference 2)
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vibra t ional  cooling Is also typical ly  observed.
An example of ro ta t ional  and vibrational cooling in a supersonic f ree  j e t  
expansion is  presented in Figure 3. A spectrum of the hexafluorobenzene 
cat ion (CgFg+) produced by Penning ionizat ion 1n a flow system which was 
maintained a t  room temperature i s  shown in Figure 3a. Notice the high level 
of spectra l  congestion which i s  present .  The complexity of l ines  and 
unresolved s t ruc tures  makes th i s  spectrum extrememly d i f f i c u l t ,  i f  not 
impossible,  to in te rp re t .  Figure 3b i l l u s t r a t e s  a second Penning ionizat ion 
spectrum of CgFg+ in which the flow system was cooled by liquid  N2 . The 
spectrum is  somewhat s implif ied,  but many features  are s t i l l  broad and 
unresolved. A f ina l  spectrum of CgFg+ is  presented in Figure 3c, in which the 
cations  were produced by two-photon photoionization of the parent molecule 
(CgFg) via an ArF exdmer lase r .  The CgFg was d i lu te ly  seeded into an in e r t  
c a r r i e r  gas in the supersonic free j e t .  The improved c l a r i t y  is  tremendous. 
What was once a congested, uninterpretable  spectrum is  now a d i s t i n c t  se r ies  
of well-resolved l ines  th a t  are much more eas i ly  assigned. The reduct ion, or 
absence, of hot band s t ruc tures  also aids in the in te rp re ta t io n  of the 
spectrum.
In p r inc ip le ,  any type of spectroscopy tha t  has been used to  study s t a t i c  
gases may be used to study samples cooled in a supersonic expansion, but 1 n 
prac t ice  the spectroscopic method must be ta i lo red  to the proper t ies  of the 
f ree  j e t .  Supersonic j e t  spectroscopy i s  intimately connected with lase r  
technology. I f  lasers  were not avai lable ,  such spectroscopy would be at  best  
a cu r io s i ty  which could be demonstrated in a few favorable cases but which 
lacked general u t i l i t y .  Due to  the low density and short path length 
involved, the use of such j e t s  e n ta i l s  a loss  of s e n s i t i v i t y .  In par t  t h i s  is 
o f f se t  by the fac t  tha t  only a few quantum s ta te s  are populated in the cold
FIGURE 3 .  LASER E X C I1A 1 IO N  SPECTRA OF THE IIEXAFLUOUOOENZENE CATION  
(Taken from reference I )
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j e t ,  and therefore  the Intensi ty  th a t  was d is t r ibuted  among a large number of 
spectra l  l ines  in the s t a t i c  gas 1 s compressed Into a few l ines 1 n the j e t .  
However, even with t h i s  advantage the small number of molecules requires  tha t  
a large number of photons be used 1 f  the experiment is  to  be successful for  
any but the most favorable cases.
The advantage of lasers  i s  not jus t  tha t  they are powerful. The property 
of g rea tes t  Importance 1 s the brightness,  the power per uni t  frequency per 
unit  solid  angle.  Because i t  is possible to design lasers  with very narrow 
frequency bandwidths, a l l  of the laser  photons can be used to pump a given
spectra l l in e .  Moreover, the small divergence and cross-sect ional  area of a
l a se r  beam means th a t  a l l  the power can be delivered to  the small volume 
occupied by the cold molecular j e t .
Supersonic f ree  j e t  expansions are now widely used by physical chemists
and lase r  phys ic is t s ,  and as lase rs  become more r e l i a b le  and eas ie r  to use, 
they should become increasingly a t t r a c t iv e  to  s c ie n t i s t s  in other d isc ip l ines  
as well .  The a v a i l a b i l i ty  of r e l iab le  h1gh-power pulsed lase rs  has already 
extended the useful spectral region into the u l t ra v io le t  and near in frared ,  
and has made avai lable  various nonlinear spectroscopic techniques, such as 
multiphoton ionizat ion .  These advances will  make the use of supersonic j e t s  
a t t r a c t iv e  in a growing number of areas.
3. MOLECULAR THEORY
The theore t ica l  treatment of molecular systems is a r ich  and p len t i fu l  
f i e ld .  Many authors have writen volumes of tex ts  in e f fo r t s  to  explain 
molecular s t ruc ture  and dynamics. I t  i s  f a r  beyond the scope, or in ten t ion ,  
of t h i s  thes is  to  attempt a complete description of th i s  subjec t .  Rather,  
t h i s  sect ion i s  intended to  be a summary of those aspects of molecular theory 
which are relevant to  the molecular systems discussed in t h i s  work. Although
there  are many sources of information on molecular theory, the following
7 7material i s  pr imarily based on the Introductory tex t  of Guillory“  and the 
d e ta i l ed ,  three volume se r ie s  of Herzberg4"’ .
In a f i r s t  approximation, the energy of a molecule can be represented as 
a sum of three par ts :  the e lec t ron ic ,  the v ib ra t iona l ,  and the ro ta t iona l  
energies
E = Ee + Ey + Er
To give a general overview of the energy level s truc ture  of a molecule, the 
v ibra t ional  and ro ta t iona l  levels  of two e lec tronic  s ta te s  A and B are 
represented schematically in Figure 4. Energy level spacings are typ ica l ly  on
the  order of tens  of thousands of cm- * for  e lec tronic  leve ls ,  a few hundred to
i  ^ 1a few thousand cm- 1  for  vibrational leve ls ,  and 1 0  to  a few cm for
ro ta t iona l  levels .
3.1. DIATOMIC MOLECULES
Although the majority of th i s  thes is  is concerned with polyatomic 
systems, the f ina l  section on opt ical emission studies  of graphite in a
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I f
A
FIGURE A. V IBRATIO NAL AND ROTATIONAL ENERGY LEVELS OF TWO 
ELECTRONIC STATES, A AND B , OF A MOLECULE
(Taken fro m  r e f e r e n c e  2 3 )
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laser /vapor iza t ion  c lu s te r  source Involves a discussion of the well-known Swan 
band system 1n C2 . Therefore, a b r ie f  descr iption of diatomic molecules 1s 
warranted. However, since th i s  study was dynamical in nature,  no deta i led  
Invest iga t ion  Into the ro ta t ional  and vibrational s t ruc ture  of t h i s  band was 
undertaken, and hence an introductory explanation of the e lec t ron ic  s ta te  
labe l l ing  in diatomic systems is a l l  tha t  1 s required to  acquaint the reader 
with the notation tha t  appears in that  section.
In atomic systems the e lectronic  term s ta te s  are c la s s i f ie d  according to 
the value of the e lec tronic  orb i ta l  angular momentum, L. (Vectors wil l  
henceforth be denoted by the presence of the ~ symbol above them.) In 
diatomic molecules,  the electronic  cloud no longer has spherical symmetry, as 
in the atomic case, but ra ther  has axial symmetry about the in ternuclear  axis  
of the molecule. As a r e s u l t ,  L 1s no longer a constant of the motion but can 
take on ce r ta in  quantized project ions , r e l a t iv e  to the in terna l  e l e c t r i c  f i e ld  
along the in ternuclear  axis ,  from +L, L - l , . . . ,  -L+l, -L. The component 
of L along the ax is ,  which i s  a constant of the motion, is ca l led  a ,  and i t s
u
magnitude i s  a The vector diagram i l l u s t r a t i n g  the coupling of L about 
the in ternuclear  axis  is  shown in Figure 5. As f a r  as the molecule is 
concerned, the coupling of L in the posit ive or negative d i rec t ion  
producing + a  or - a  has the same energy. Thus each e lec t ron ic  s ta te  is  doubly 
degenerate.  There are symbols for  the molecular e lec t ron ic  s ta te s  s imi lar  to  
the atomic term symbols. States having
A = 0, 1, 2, 3, 4 , . . . .
are labe l led ,  respect ively ,
£ 1  iig Af 4** r * *  *  •  *
As in the atomic case, the individual electron spins add v ec to r ia l ly  to  
produce integra l  or ha l f - in teg ra l  spin quantum numbers, S, depending on
FIGURE 5 COUPLING OF ORBITAL ANGULAR MOMENTUM, L, ABOUT THE
INTERNUCLEAR AXIS IN A DIATOMIC MOLECULE 
( T a k e n  f r o m  r e f e r e n c e  2 3 )
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whether there is  an even or an odd number of e lec trons .  The spin of a given 
s t a t e  1s indicated by adding the m u l t ip l ic i ty  2S+1 to  the upper lef t-hand side 
of the term symbol. Further,  i f  the two nuclei in the molecule are Id en t ic a l ,  
as i s  the case for  C2 , the f ie ld  in which the electrons move has a center  of 
symmetry. Consequently, the e lectronic  eigenfunctions remain e i th e r  unchanged 
or only change sign when ref lec ted  a t  the center ,  i . e . ,  when the coordinates 
of the e lectrons  x^, y^, z^ are replaced by th e i r  negatives -x^, -y ^ , -z^. In 
the f i r s t  case, the s ta t e  to which the eigenfunction belongs is  called  an
"even" s ta t e  and 1n the second case an "odd" s t a t e .  The symmetry property
even or odd 1 s Indicated by adding a subscript g or u, respec t ive ly ,  to  the 
term symbol. One fur ther  s ta te  label ,  which applies  to  the lowest 
m u l t ip l ic i ty  polyatomic molecules as well ,  indicates  the ordering of the 
e lec t ron ic  leve ls .  Beginning with the ground s ta t e  and moving upward 1n 
energy, the e lec tronic  levels  are label led:
X, A, B, C, D , . . . ,  respectively ,  for  spin s ing le ts  and doublets
and a,  b, c,  d , . . . ,  respect ively ,  for  spin t r i p l e t s  and quar te t s .
For the Swan band system in C2 , the e lec t ron ic  t r a n s i t io n  i s  given as
d 3n„ + a V ,  g u
The emission comes from the th i rd  excited t r i p l e t  e lec tronic  s ta te  of C2 » 
which is a spin t r i p l e t  (S=l) with a=1 and even symmetry with respect  to 
inversion, and terminates in the lowest t r i p l e t  s ta t e  of C2 , which 1 s also a 
spin t r i p l e t  with a = 1  but has odd syirmetry with respect to inversion.
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3.2. POLYATOMIC MOLECULES
Since s t ruc tu ra l  analyses have been conducted on the polyatomic systems 
invest igated  in th i s  work, a more detailed treatment of polyatomic systems is  
necessary. Electronic,  v ib ra t ional ,  and ro ta t iona l  s ta te  labe l l ing  and 
allowed t ra n s i t io n s  in a l l  per t inent  cases are discussed.
3.2.1 ELECTRONIC SPECTROSCOPY
3.2.1 .1 ELECTRONIC ENERGY
As in diatomic molecules, the nuclei in polyatomic molecules are held 
together  by the electrons .  The to ta l  energy of the molecule, neglecting spin 
and magnetic in te rac t ions ,  is  the sum of the potentia l  and k ine t ic  energies of 
the e lectrons  and the potential  and k inet ic  energies of the nuclei.
The f a c t  tha t  the to ta l  energy of the molecule 1s a constant 1s 
represented by the Schrodlnger equation
H* = E* (13)
where ¥ is  the wavefunction, H=T+V i s  the Hamiltonian operator ,  V is  the 
po ten t ia l  operator,  and T is  the kinet ic  energy, which i s  given by
T = lin *pi + \  I  l T kpk
where the f i r s t  term in (14) i s  the kinet ic  energy of the e lectrons  and the 
second th a t  of the nuclei .  If  the l inear  momenta are replaced by th e i r  
corresponding operators ,  one obtains the Schrodinger equation in the more 
conventional form
where x.j, y.j, z  ^ are the coordinates of the e lectrons  and xk , yk, zk are the 
coordinates of the nuclei.
The potent ia l  energy V can be separated in to an e lec t ron ic  and a nuclear 
contr ibution
V = Ve + Vn (16) 
where Ve includes the mutual potential  energy of the electrons as well as the 
poten t ia l  energy of the electrons with respect to  the nuclei and Vn 1s the 
mutual potent ia l  energy of the nuclei.  As a f i r s t  approximation, 1f one 
neglects the In teract ion  between the e lectronic  and nuclear degrees of freedom 
of the molecule, a solut ion of equation (15) can be wri tten as
■P = lpg(*«** X.j • 'Pyy( »** »  y k .  ^ | ( * * * * )  ( ^ 7 )
where i>Q represents  the motion of the electrons  and ipVf represents the 
vibra tions  and ro ta t ions  associated with the nuclei.  Such a product 
wavefunction allows the Schrodinger equation to be separated in to  the 
following equations, of which ipg and ipyr are the solu t ions ,
2 2 2a ip a ib a ib a 2 ,
S<“ T  + — T  + ~ T >  + ^ E< = 0  {18)1 ax^ ay^ az^ h* e e
1 3\ , r  8„2 el£ ir(—r 1 + —r1 + —r1)+ %-<E-E -W = 0 <19>k k axk ayj az‘ h^ n vr
respec t ive ly .  I t  can be seen tha t  (17) is only an approximate solu t ion of 
(15) by subs t i tu t ing  i t  Into (15) and taking account of equations (18) and 
(19). One finds th a t  (15) i s  s a t i s f i ed  only i f
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can be neglected. That 1s, one must assume tha t  the var ia t ion  of *e with the 
nuclear coordinates 1 s su f f ic ien t ly  slow so tha t  i t s  f i r s t  and second 
der iva t ives  with respect  to the nuclear coordinates can be neglected. This is 
physically  reasonable since the mass of the e lectrons  is  much smaller than 
th a t  of  the nuclei.  Therefore, they move much more rapidly and the nuclei 
appear to remain fixed in space during the time i t  takes them to change 
pos i t ion .  That th is  condition 1s usually f u l f i l l e d  to a s a t i s fa c to ry  
approximation has been shown in detai l  by Born and Oppenheimer.
The equation (18) for  i>e  is  the Schrodlnger equation fo r  the electrons  
moving in the f ie ld  of the fixed nuclei and having a potent ia l  energy Ve . For 
d i f f e r e n t  nuclear posit ions ,  Ve is d i f f e r e n t ,  and therefore the 
eigenfunctions i>Q and eigenvalues Eel of th i s  equation depend on the nuclear 
coordinates as parameters.
The second equation (19) is  the Schrodlnger equation fo r  the nuclei 
moving under the act ion of the potential  Ee l+Vn. Thus in t h i s  approximation 
the motion can be separated into an e lectronic  motion 1 n a more or less  fixed 
nuclear frame characterized by a function * and a nuclear motion, i . e . ,  
v ib ra t ion  and ro ta t ion ,  in a potentia l  f ie ld  E +Vn, characterized by a 
funct ion 4»Vf.
The minimum value of Ee l+Vn, tha t  i s ,  the minimum of the potent ia l  
surface of a given s table  e lectronic  s t a t e ,  is  considered as the e lec t ron ic  
energy of th i s  s ta te  and is  designated Ee . The to ta l  energy of the molecule 
may then be wri t ten  1n the above approximation as E = Efi + Ev r , where Eyr = E 
-  Ee 1  -  Vn i s  the v ibra t iona l- ro ta t iona l  energy derived from equation (19).
3.2 .1 .2  CLASSIFICATION OF ELECTRONIC STATES
In the Schrodlnger equation for  the e lec tronic  motion (18),  Ve is  the 
poten t ia l  energy of the electrons in the f i e ld  of the fixed nucle i .  As 
before, the equilibrium posit ions of the nuclei are used 1 n discussing the 
e lec t ron ic  motion. Therefore, Ve has the symmetry of the molecule in tha t  
p a r t i c u la r  configuration.  I f  a symmetry operation 1s carr ied  out,  
the Schrodinger equation for  the e lec tronic  motion 1s unchanged. As a 
consequence, the e lec t ron ic  eigenfunction for the non-degenerate s ta t e s  can 
only be symnetrlc or antisymmetric, I . e . ,  can only remain unchanged or merely 
change sign,  for  each of the symmetry operations permitted by the symmetry of 
the molecule 1n i t s  equilibrium posit ion.  For degenerate s t a t e s ,  the 
eigenfunction can only change into a l inear  combination of two or  more 
degerate eigenfunctions such th a t  the square of the eigenfunction, which 
represents  the e lec tron  density ,  remains unchanged.
As a r e su l t  of these proper t ies ,  molecular species may be systematically  
c l a s s i f i e d  according to  the number and types of symmetry elements and 
operations they possess.  The nuclear framework ( l ike  any geometrical figure)  
may have one or  more of the following symmetry elements:
( 1 ) a plane of symmetry usually designated by o ;
( 2 ) a center  of symmetry usually designated by i ;
(3) a p-fold axis of symmetry usually designated by Cp, where p = 1,
2fc. * • • • y
(4) a p-fold ro ta t io n - re f lec t lo n  axis usually designated by Sp; a molecule 
having such an element of symmetry wil l  be transformed in to  i t s e l f  by a 
ro ta t ion  through an angle 360°/p followed by a r e f le c t io n  at  a plane 
perpendicular to the axis;
29
(5) the iden t i ty  element designated by I or E.
In general a molecule has several of these syranetry elements. By
combining more and more symmetry elements, systems of higher and higher 
synmetry are obtained. However not a l l  combinations of  symmetry elements are 
poss ib le ,  r a ther  only cer ta in  ones are allowed. A complete se t  of 
nonredundant symmetry operations possessing a l l  the propert ies  of a 
mathematical group, I . e . ,  closure, a s so c ia t iv i ty ,  iden t i ty  element,  and 
inverses ,  1s cal led a point group. A molecule 1n a given configurat ion must 
belong to  one of the various point groups. The following two point groups are 
of importance to the study of the s truc ture  of the furan cat ion and the 
cyclopentadlenyl r ad ica l ,  respect ively:
(1) The point group c2 v has a two-fold ro ta tiona l  axis of symmetry C2  and 
two ver t ica l  planes of symmetry oy through th a t  axis.
(2) The point group D5h has a f ive-fold  ro ta t ional  axis  C5 , f ive  ve r t ica l  
planes of syranetry oy through tha t  axis ,  and a horizontal plane of 
symmetry perpendicular to Cg.
The ground s ta t e  geometrical s truc tures  of the furan cat ion and the 
cyclopentadienyl radical  are presented in Figure 6  for  comparison.
The Individual molecular eigenfunctions may behave d i f f e ren t ly  with 
respect  to the various symmetry operations of a given point group. However,
since in general not a l l  symmetry elements of a point group are independent of
one another,  only ce r ta in  combinations of behavior of the eigenfunctions with 
regard to  the syranetry operations are possible.  Such combinations of syranetry 
propert ies  are ca l led  "symmetry types" or "species".  In group-theoret ical  
language, they are the "Irreducible representations" of the point group 
considered. Each e lectronic  eigenfunction, and therefore  each e lec t ron ic  
s t a t e ,  belongs to  one of the possible species of the point group of the
FURAN C A T I O N
CYCLOPENTADIENYL RADICAL
GROUND STATE GEOMETRIES OF TftE FURAN CATION ANO THE CYCLOPENTAD1ENYL 
RADICAL
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molecule In the equilibrium posit ion.
Information concerning the manner 1n which the various molecular 
eigenfunctions are affected by the symmetry operations of the point group 1 s 
presented in what is  cal led a "character tab le" .  Such a tab le  i s  presented in 
Table 1 for  the C2v point group, where +1 and -1 are the characters  themselves 
and represent symmetric and antisymmetric behavior, respect ively .  For C2v 
symmetry, the A designation is used for  i rreducible  representa t ions  tha t  are 
symmetric with respect  to  ro ta t ions  about the pr inc ip le  C2  ax is ,  and B for  
those tha t  are antisymmetric. The subscr ip ts ,  1 or 2, designate which 
representa t ions  are syumetric or antisymmetric, respect ively ,  with respect  to  
r e f le c t io n s  through the x-z molecular plane.
The th i rd  column of the character tab le  indicates  how the ro ta t io n a l ,  
t r a n s la t io n a l ,  and general coordinates transform under the group operat ions.  
For example, for  t r a n s la t io n  in the z d i rec t ion ,  performing a l l  four symmetry 
operat ions.  I . e . ,  E, C2 ( z ) ,  o(xz), and o(yz), will leave the z vector 
unchanged. In a l ike  manner, t rans la t ions  and ro ta t ions  about a l l  three 
molecular axes can be c lass i fed  according to the species to  which they belong.
Up to now, the e f fec t s  of e lec tron spin have been ignored in the 
c l a s s i f i c a t io n  of e lec tronic  s ta t e s .  The e lectronic  eigenfunction i|> has been 
considered to be a function of the posi t ional  coordinates of the e lectrons  
only, and the syranetry types r e fe r  to  the symmetry propert ies  of these o rb i ta l  
wavefunctions. The fu l l  e lec tronic  eigenfunctions must take account of the 
f ac t  th a t  each e lectron has a spin s=l / 2  which can o r ien t  i t s e l f  p a ra l l e l  or 
a n t ip a r a l l e l  to  any preferred d i rec t ion .  As long as the coupling of the 
individual spins with the o rb i ta l  motion 1 s small, the spins of the 
individual electrons form a re su l tan t  S which is  ha l f - in teg ra l  fo r  an odd 
number of e lec trons  and integral for  an even number. The re su l ta n t  spin S i s
_
TABLE 1
C2 v CHARACTER TABLE
(Taken from reference 25)
T ran s la t ions  and Rotation*
Tx and Ry 
Ty and
Coro
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charac te r ic  of each e lectronic  s t a t e .  Any of the species of a given point 
group may occur with any of the S values compatible with the number of 
e lec trons  present.  As for  atoms and diatomic molecules, the coupling of the 
spin S with the o rb i ta l  motion may lead to a s p l i t t i n g  of the molecular 
e lec t ron ic  s ta t e  into 2S+1 components. This m u l t ip l ic i ty  is  wr i t ten  as a 
superscr ip t  in f ron t  of the symbol representing the syranetry type. Thus for  
S-0 we have ^Aj, *B£, . . .  s t a t e s ,  for  S=l/2 we have ^Aj, ^Bg, . . .  s t a t e s ,  for
O O
S=1 we have Aj, JB2 , . . .  s t a t e s ,  and so on.
3 .2 .1 .3  SELECTION RULES FOR ELECTRONIC TRANSITIONS
An e lec tronic  t r a n s i t io n  is allowed i f  i t  can occur as an e l e c t r i c  dipole
t r a n s i t io n  according to  the se lect ion rules  discussed below, without taking 
account of the in te rac t ion  of vibration and ro ta t ion  with the e lec t ron ic  
motion. In other  words, the electronic  t ra n s i t io n  i s  allowed i f  i t  can occur 
fo r  fixed nu c le i .
Let >|jg and be the e lectronic  eigenfunctions of the upper and lower 
s t a t e s ,  respec t ive ly ,  of an electronic  t r a n s i t io n  of i n te re s t  and l e t  both 
s ta te s  be non-degenerate. The t ra n s i t io n  will be allowed 1f and only i f  the 
matrix element
Re 'e"  = J" *e* M dxe (20)
is  d i f f e re n t  from zero. Here M i s  the e l e c t r i c  dipole moment vector whose
components are z e ^ ,  and ze-j2^» where the e^ are the charges on the
p a r t i c l e s  with coordinates x^, y^, z^, and the Integral  Re ie n is  to  be taken
over the whole configuration space of the 3N coordinates of the N-atom
molecule. Therefore, an e lec tronic  t ra n s i t io n  between non-degenerate s ta te s
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is  allowed i f  the product
* '*  M *; (2 1 )
is  t o t a l l y  symmetric for a t  leas t  one or ien ta t ion  of M or ,  in other  words, i f  
the product 4^ 4^  belongs to  the same species as one of the components of M. 
"Product" in t h i s  context re fe rs  to the d i rec t  product of group theory.
For example, consider an e lectronic  t r a n s i t io n  from an A2  s t a t e  to  a B2  
s t a t e  1n a molecule belonging to the C2v point group. To determine whether 
t h i s  i s  an allowed e lec tronic  t r a n s i t io n ,  one must determine the symmetry of 
the d i re c t  product of A2  and B2. From the tables  of Appendix I I I  of reference 
24, where many d i r e c t  products of th i s  nature are l i s t e d ,  the product is  found 
to be Bj. Upon consultat ion of the character  table  1n Table 1, 1t 1s found 
th a t  the x-component of the dipole moment has Bj^  symmetry as well .  Therefore, 
the t r a n s i t io n  is  allowed.
Another se lect ion ru le  concerns electron spin. The e lec t ron ic  
eigenfunction including spin can be wri tten as a product of an o rb i ta l  and a 
spin function
*es = V s  (22)
Therefore the t ra n s i t io n  moment including spin is
The second integra l  a t  the r igh t  vanishes for  s ta te s  of d i f f e ren t  spin since 
the spin functions corresponding to  d i f fe ren t  S values are orthogonal to one 
another.  Therefore, we have the se lect ion ru le
AS = 0 (24)
th a t  i s ,  only s ta te s  of the same m ul t ip l ic i ty  can combine with each other .  In 
other  words, intercombinations are forbidden.
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3.2.2  VIBRATIONAL SPECTROSCOPY
3.2.2.1  VIBRATIONAL DEGREES OF FREEDOM
In describing the motion of the nuclei 1n a polyatomic molecule, one 
might choose the Cartesian coordinates xk, yk, zk of each nucleus k referred 
to a fixed coordinate system. Hence, for  N nucle i ,  one would need 3N 
coordinates to describe t h e i r  motion, i . e . ,  there are 3N degrees of freedom. 
However, in describing the vibrational motion of the system, i t  i s  not 
necessary to know information about the t rans la t iona l  motion of the system as 
a whole, which is  described completely by the three coordinates of the center  
of mass. Therefore 3N-3 coordinates are su f f ic ien t  to f ix  the r e l a t iv e  
pos i t ions  of a l l  N nuclei with respect to  the center of mass. Additionally, 
the motion r e l a t i v e  to  the center  of mass includes a ro ta t ion  of the system. 
That ro ta t ion  may be described by three angular coordinates which specify the 
o r ien ta t ion  of the system. Thus 3N-6 coordinates are l e f t  for  describing the 
r e l a t iv e  motion of the nuclei.  In other words, there are 3N-6 vibra t ional  
degrees of freedom. For l inea r  molecules, two angular coordinates are 
s u f f i c i e n t  to  f ix  the o r ien ta t ion  and hence they have 3N-5 vibra t ional  degrees 
of freedom. In the case of the furan ca t ion,  which is  nonlinear and has nine 
atoms, the above considerations predict the existence of twenty-one normal 
modes of v ibra t ion .
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3.2 .2 .2  VIBRATIONAL ENERGY LEVELS
The Schrodinger equation for  a system of N p a r t ic le s  with coordinates 
y.j, 2 ^ and masses m^  1 s
£  +  ^  +  +  =  0  < 2 5 >
1 m 1 ay} az  ^ h
The simplest possible  assumption about the form of the v ibra t ions  in a 
polyatomic molecule 1 s tha t  each atom moves toward and away from I t s  neighbors 
in simple harmonic motion. By subst i tu t ing  the harmonic o s c i l l a t o r  poten t ia l  
fo r  V in (25) and transforming the equation to the normal coordinates ( 5 ^) of 
the molecule,  one obtains
2 2
z  1 4  + 2 | - [ E - - J  Z x ^ ] *  = 0 1 -  1, . . . .  3N (26)
i 3 t i h
By means of  the subs t i tu t ion
= *l^(tj) 1*2 ^ 2  ^ *** *3 N<*3 N^  (27)
i t  i s  possible  to  separate the variables  in equation (26) and resolve i t  in to
3N equations of the form
e>2<K
(28)+ B l l fE  -  I  x £2 ) = 0
* 1  35? h2  (Ei 2  W
The eigenvalues of equation (28) are given by
E1 = hV vi+ ?) V1 = °* 2* *•* <29)
or ,  i f  transformed to wavenumber un i t s ,  where they are known as a "term 
values",
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G(v1,
E(Vl, . . . ,  v3N) 
V3NJ " he •  •  •  * 3N (30)
where the are the vibrational frequencies in cm"* u n i t s .  In the above
equations, the non-genu1 ne vibra tions ,  I . e . ,  t ra n s la t io n s  and ro ta t io n s ,  have 
been Included. However, since v = 0 for  them, they do not contr ibute  to  the 
vibra t ional  energy, so tha t  the relevant parts  of the sunmations are only over 
the 3N-6 or 3N-5 genuine normal v ibra tions .  Since the simple harmonic 
potent ia l  1 s only a f i r s t  approximation to the t rue  molecular p o ten t ia l ,  the 
actual energy levels of the molecule may d i f f e r  somewhat from those predicted 
by equation (30). The magnitude of those differences provide a measure of the 
degree of  anharmonicity of the molecular potentia l and are described by the 
following equation
where v  ^ and vk are the vibrational  quantum numbers, w^  are the v ibra t ional  
frequencies ,  and are the anharmonicity constants ,  d  ^ and dk are the 
degeneracies of the v ibra t ions ,  and 1  ^ and l k are the angular momentum quantum 
numbers of the degenerate v ibra tions .  For non-degenerate v ib ra t ions ,  d  ^ = dk 
= 1  and 1 -j — 1 k = gik = 0 .
I f  vibra tional  term values 1n the upper and lower s ta t e s  of a p a r t i c u la r  
t r a n s i t io n  are G*(vj, and v2 * respec t ive ly ,  end i f  the
e lec t ron ic  term values are and T“ , the wavenumbers of a l l  possible 
v ibra t ional  t ra n s i t io n s  for  a given e lectronic  t r a n s i t i o n ,  i . e . ,  band system, 
are represented by
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v = vg + G'(v[,  v£, . . . )  -  G"(v"j v” 2  . . . )  (32)
where vg = T^-T^ is  a constant for  a given band system, cal led  the "origin" of 
the band system and T' and T" represent the e lec tronic  s ta te  energies without
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including the zero point vibrational  energy. For prac t ica l  purposes i t  i s  
of ten much more convenient to  re fe r  energies to  the lowest vibra tional level 
in each s t a t e .  Therefore, one can measure a quanti ty vQ 0  which is  the 
wavenumber of the 0 - 0  band, that  i s ,  the t r a n s i t io n  between the two lowest 
vibra t ional  levels of the two electronic  s ta t e s .  Although Vqq is  somewhat 
d i f f e re n t  from vg, i t  is also commonly referred  to as the "origin" or 
"vibra t ionless  t rans i t ion"  of the band system.
3 .2 .2 .3  SYMMETRY OF NORMAL VIBRATIONS
If  a symmetry operation is  carr ied  out on a molecule and transforms tha t  
molecule Into a configuration which is  indist inguishable  from the or ig inal  
one, the potentia l  energy will  be the same as before the operation.
Therefore, the frequencies of the normal vibra tions will be the same for  the 
transformed as for  the non-transformed system. However, in the vibra ting 
molecule the transformed displacements are not necessar i ly  the same as the 
non-transformed ones. For a non-degenerate v ibra t ion these displacement 
coordinates can only be symmetric or antisymmetric with respect to any given 
symmetry operation tha t  is  permitted by the point group of the molecule. For 
degenerate v ibra tions ,  they may addit ionally  change into l inea r  combinations 
of two or more of the coordinates associated with the degenerate v ibra t ions .
A de ta i led  discussion of t h i s  topic can be found on page 82 of reference 24.
As a consequence of these behaviors,  normal v ibra t ions  can be c l a s s i f i e d
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according to  the species of the point group of the molecule 1n the same manner 
as the e lec t ron ic  energy levels  were. Therefore, for  C2v symmetry 1n 
p a r t i c u la r ,  normal vibra tions are labelled as having Aj, A2, Bj, and B2 
symnetry.
In a given e lectronic  s t a t e ,  a polyatomic molecule may be excited to  any 
of I t s  possib le  vibra tional  levels .  Each of these levels  may be ca l led  a 
v ib ra t iona l -e lec t ron ic  s ta te  or ,  for  short ,  a "vlbronlc" s t a t e .  In a f i r s t  
approximation, the vibronic eigenfunction which describes the e lec t ron ic  and 
vibra t ional  motions of the molecule can be wri tten  as a product 4»ey = 4»e il>y of 
the e lec t ron ic  eigenfunction 4>g and the vibrational  eigenfunction «pv .
Both *e and 4>y have symmetry proper ties  In accordance with one of the species
of the point group. Therefore, the vibronic eigenfunction must also belong to 
one of these species.  The vibronic species 1s therefore simply obtained by 
taking a d i r e c t  product of the species of the e lectronic  and vibra tional  
e igenfunctions. The r e su l t s  for  most cases of in t e re s t  can be found in 
Appendix I I I  of reference 25.
I f  a non-degenerate vibra tion 1s symmetric with respect  to a c e r ta in  
symmetry element, 1t follows tha t  I t s  contribution 4^  to the vibra t ional  
eigenfunction is  symmetric with respect to th a t  symnetry operation fo r  a l l  
values of v^, where v.j 1s the vibrational  quantum number. I f  a normal 
v ibra t ion  vk i s  antlsyrnnetric with respect to  a symnetry element, i t  follows
tha t  <i*k is  antisymmetric for  odd vk but is  symmetric for  even vk .
The to ta l  vibra tional  eigenfunction 41 can be approximated as a product of
harmonic o s c i l l a t o r  eigenfunctions 4^ ,  4»2 corresponding to the 3N-6 or
3N-5 normal coordinates.  Therefore, i f  there are only non-degenerate 
v ib ra t ions ,  the to ta l  eigenfunction will be symmetric with respect  to  a given 
symmetry operation i f  there is an even number of component functions 4>k tha t
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are antisymmetric with respect to tha t  same symmetry operation.  Likewise, the 
t o t a l  eigenfunction will be antisymmetric i f  there is  an odd number of 
antisymmetric component functions . I t s  behavior with respect to a given 
symmetry operation 1s independent of the number of symmetric component 
functions .  In other words, for  an antisymmetric vibra tion \>k, 1s 
anti  symmetric for  odd vk, and the to ta l  vibrational  eigenfunction is  symmetric 
with respect  to  a ce r ta in  symmetry operation 1f the sum r vk , extended over 
a l l  normal v ibra tions  tha t  are antisymmetric with respect to t h a t  symmetry 
operat ion, i s  even; and the to ta l  vibrational eigenfunction 1s antisymmetric 
with respect  to  the symmetry operation i f  that  sum is  odd.
3 .2 .2 .4  SELECTION RULES FOR VIBRATIONAL TRANSITIONS
The se lec t ion  ru le  of equation (20) applies s t r i c t l y  only for  fixed 
nucle i .  Actually the nuclei are not fixed and therefore we must consider the 
t o t a l  eigenfunction which includes the nuclear coordinates as well .
Neglecting ro ta t iona l  motion and the in terac t ion  of e lec tronic  and vibra tional  
motion, the to ta l  eigenfuction can be wri t ten  as
*ev " V v  (33)
where 41 is  the vibronic eigenfunction, i|> the electronic“ V C
eigenfunction, and the vibra tional  eigenfunction. If  the e l e c t r i c  dipole 
moment i s  divided into two parts
M = Me + Mn (34)
where Mg is  the par t  due to  the electrons and Mn the p a r t  due to  the nucle i ,  
the t r a n s i t i o n  moment is  given by
4 1
e * v * e“v d,rev Tev ev
- / * 1 *"dx /  ib1 M U>"dx + f il»1 M <b"dx f ib1 * “dx v v ■> e e e J u nvu w J vp vp irv  v re e e ( 3 5 )
However,
/  *i*;dxe = 0 (36)
since the e lec t ron ic  eigenfunctions belonging to d i f fe ren t  e lec t ron ic  s ta te s  
are mutually orthogonal.  Therefore, i f  one denotes
«e'e" -  ! *e V e d’ e <37>
equation (35) becomes
^ e 'v ' e 'V 1 = Re 'e"  ^ ^v *v^Tv 
so t h a t  the t r a n s i t io n  probabi l i ty  can be resolved Into a fac to r  depending on
the nuclear motion alone and a fac to r  depending on the e lec t ron ic  motion
alone.
In an allowed e lec t ron ic  t r a n s i t io n ,  the t ra n s i t io n  moment R ,e „ is
d i f f e r e n t  from zero. Whether or not a t r a n s i t io n  from a ce r ta in  v ibra t ional
level in the upper s ta t e  (v^1) to  a ce r ta in  vibrational  level of the lower
s t a t e  (vi ") occurs depends of the vibra tional  overlap integral in equation
(38).  In a symmetrical molecule, in order tha t  th i s  in tegra l  be d i f f e r e n t
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from zero, the product must be t o t a l l y  symmetric with respect  to a l l
symmetry operations of the point group to  which the molecule belongs. This 
conclusion i s  equivalent to  the se lect ion ru le :  only vibra tional levels  of 
the same species in the upper s ta te  as in the lower s ta te  can combine with 
each o ther .  This is the general vibra tional  se lect ion  ru le  in allowed 
t r a n s i t i o n s .
For a symmetric v ibra tion ,  a l l  excited vibra tional levels  are symmetric 
and therefore  t ra n s i t io n s  are allowed for
4 2
Avk * 0, ±1, ±2, ___  (39)
However, the s trength  of any given t r a n s i t io n  will  be governed by the s ize  of
the  vibra t ional  overlap Integral 1n equation (38). This conclusion is  
e s se n t i a l ly  a statement of the Frank-Condon pr inc ip le .
For an antisymnetric v ibra tion,  i . e . ,  a vibra tion th a t  is  antisymmetric 
with respect  to  at l ea s t  one element of symmetry, higher vibra tional  levels  
wil l  be symmetric for  even vk and antisymmetric for  odd vk. Therefore 
according to the general se lect ion ru le ,  vk can only change by an even number
avk = 0, ±2, ±4, . . . .  (40)
Therefore, i f  there is a t r a n s i t io n  between one t o t a l l y  symnetric v ibra t ion
and one antisymmetric v ibra tion ,  a l l  t ra n s i t io n s  with
avk = ±1, ±3, ±5, . . .
wil l  be missing.
I f  several antisymmetric vibra tions are present ,  t r a n s i t io n s
with avk = ±1, ±3, . . .  may appear as long as for  each symmetry element
z av = 0, ±2, ±4........... (41)
a
where va 1s the vibra tional quantum number of a vibra t ion tha t  1s 
antisymnetric with respect to  tha t  p a r t ic u la r  symmetry element for  which the 
above sum 1s formed. This i s  because only then will  the vibra t ional  species 
be the same 1n both the upper and lower s ta t e s .
3 .2 .2 .5  FERMI RESONANCE INTERACTION
In a polyatomic molecule, 1t may happen tha t  two vibra tional  levels
belonging to  d i f fe ren t  v ibra tions  may have nearly the same energy, tha t  i s ,
may be acc identa l ly  degenerate.  As was f i r s t  recognized by Fermi27, such a
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resonance leads to a perturbat ion of the energy leve ls .  The two v ibra tional  
levels  repel one another and do not follow a formula of the type 1n equation 
(29).  The s trength of the repulsion 1s la rger  the nearer the degeneracy. At 
the same time, a mixing of the eigenfunctions of the two s t a t e s  also occurs.  
The matrix element of the perturbation W is  given by
Wn1 = J *'nW4’fdx
The perturbat ion W i s  e s sen t ia l ly  given by the anharmonlc terms in the 
potent ia l  energy, while 4in and ^  are the zero approximation eigenfunctions of 
the two levels  t h a t  per turb each other .  Since W has the f u l l  symnetry of the 
molecule and i s  therefore  to t a l l y  symnetric, the two elgenfuctlons  must have 
the same symmetry type 1n order to give a nonzero value to Wn i . Hence, a 
Fermi resonance can only occur between vibrational levels  of the same species .
3 .2 .2 .6  JAHN-TELLER INTERACTION
The energy levels  of exci ted, degenerate vibra tions 1n a degenerate 
e lec t ron ic  s ta t e  possess several sublevels,  and these may be separated 
energe t ica l ly  via a vibronic in te rac t ion .  For example, in a Dgj, molecule in 
an E" e lec t ron ic  s t a t e ,  1f the degenerate vibra tion 1) 1s singly exci ted ,
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the following species a r i se :  A^  + E . If  vibronic In te rac t ion  1s taken Into 
account, there wi l l  be as many component levels  as there are vibronic species 
for  each vibra t ional  leve l .  In order to evaluate the magnitude of the 
vibronic s p l i t t i n g s  one must consider the s p l i t t i n g  of the potent ia l  function 
for  non- to ta l ly  symnetric displacements of the nuclei .  According to Jahn and
OQ
Telle r  , there is  always at l e a s t  one non-to ta l ly  symmetric normal coordinate 
in a non-linear  molecule fo r  which the s p l i t t i n g  of the poten t ia l  funct ion is
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such th a t  Instead of two coinciding minima there are two separate minima a t  
nonzero values of the p a r t icu la r  coordinate.  This s i tu a t io n  1s I l l u s t r a t e d  in 
Figure 7 where the potent ia l  function V is plot ted along the non- to ta l ly  
symnetric normal coordinate Q. The s p l i t t i n g  of the potent ia l  surface in a 
degenerate e lec t ron ic  s ta te  1s ca l led  the " s t a t i c  Jahn-Teller  e f f e c t " .  The 
actual s p l i t t i n g  of the vibrational levels caused by th i s  e f fec t  is  ca l led  the 
"dynamic Jahn-Teller  e f fe c t " .  In order to obtain these vibronic energy levels  
i t  i s  necessary to solve the Schrodinger equation fo r  a potentia l  function of 
the type i l l u s t r a t e d  in Figure 7. The r e su l t  i s  tha t  there are as many 
component levels  as there are vibronic species i n  the excited vibra t ional  
s t a t e .
3 .2 .3  ROTATIONAL SPECTROSCOPY
In discussing the various types of nonlinear polyatomic molecules,  i t  is  
convenient to  separate them into three d i f fe ren t  c lasses  according to  the 
degree of symnetry they possess.  More spec i f ica l ly ,  t h i s  can be done on the 
basis  of the equivalency of the pr inciple  moments of i n e r t i a .
(1) Symmetric Top Molecules: I a < Ib = Ic 'Prolate
*a = l b < l c 0b1ate
(2) Spherical Top Molecules: I a = Ib = Ic
(3) Asymmetric Top Molecules: I a * I. * I„
a  D  C
A species having a l l  three principal moments equal is  defined as a spherical 
top, and any molecule having an n-fold ax is ,  where, n > 3, with any two 
equivalent pr incipal  moments 1s defined as a symmetric top.  A symmetric top 
molecule tha t  has a "football-shaped" e lectronic  charge d i s t r ib u t io n  about the
FIGURE 7. CROSS SECTION THROUGH THE POTENTIAL FUNCTION OF A
NON-LINEAR MOLECULE IN A OEGENERATE ELECTRONIC STATE 
WHEN VIBRONIC INTERACTION IS LARGE 
(taken from reference  25)
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unique minor axis ( I a ) is  called a prola te  top, and one having a "pancake­
shaped" e lec tronic  charge d is t r ibu t ion  about the unique major axis ( I c ) is 
cal led an oblate top.  Those species having d i f fe ren t  in e r t i a l  moments about 
a l l  three main axes are defined as asymnetric tops. The general convention 
used in th i s  case is  I a < 1 ^ < l c .
The ground s ta t e  geometry of the furan cation,  and hence the furan 
molecule as well ,  is  I l lu s t ra te d  in Figure 6 . Although s t ruc tu re  will  be 
discussed in more de ta i l  in Section 5.5, i t  1s obvious tha t  furan is  a near 
symmetric top molecule. Therefore a b r ie f  descript ion of th i s  type of ro ta to r  
is  warranted in t h i s  section.
3 .2 .3 .1  SYMMETRIC TOP MOLECULES
The c la s s ica l  expression for  the k ine t ic  energy of a polyatomic r ig id  
ro to r  1 s 9 9 9
K  ph p;
Ek = 277 + 217 + 217 *43*a b c
For an oblate  top, I a = I|> and I c is the unique and major symnetry ax is .  The 
quantum mechanical expectation value of th i s  operator y ie lds  the following 
term value,  for  an oblate  symmetric top
Fe (J,K) = BeJ(J+l)  + (Ce-Be )K2  (44)
where C_ = —!)—  and B_ = h
e  8 ti2 c I  e  8 h 2 c I .c b
J i s  the quantum number of the to ta l  angular momentum J,  while K i s  the 
quantum number of  the component of J in the d i rec t ion  of the top axis .  The 
corresponding vector diagram is  shown in Figure 8 . This i s  e s sen t ia l ly  the
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same as for  the case of a diatomic molecule. The only dif ference 1s th a t
here J 2 is  produced by the motion of heavy nuclei about the f igure axis  and is
cal led K, while 1n diatomic molecules i t  1s produced by the motion of 
e lec trons  about the Internuclear axis  and is cal led  a. N i s  the to ta l  angular 
momentum apart from spin.
I f  correct ions  to the r ig id  ro tor  model are considered, one obtains a 
term value given by
FV(J,K) = ByJ(J+l)  + (Cv-By)K2 - Dj J2(J+1)2 - DJKJ(J+1)K2 -  DKK4 (45) 
where the l a s t  three terms are centr ifugal  s tre tch ing  terms which account for  
the non-rigid nature of molecular systems. These are always small compared to
the f i r s t  two except a t  very high J and K values. Their va r ia t ion  with the
vibra t ional  quantum number v  ^ can almost always be neglected. However, the 
dependence of the rota t ional  constants Ay and By on v  ^ is  important.  I t  1s 
given by
Cy = Cg -  Eo^(v^+ 2^^) + •••
(46)
Bv = Be ‘ ^“i^v1+ + " •
where Ce and Be are the equilibrium ro ta tiona l  constants defined 
f  Re a r l i e r ,  and are correction terms which are small compared to  Ce and Be , 
and d  ^ i s  the degeneracy of the vibra tional  level.  The summation is  over a l l  
normal v ibra tions  of the molecule. (Note: The r e su l t s  obtained for  an obla te  
symmetric top can be transformed into those of a pro la te  symmetric top by 
subs t i tu t ing  A for  C in equation (45). )
I f  the ro ta tional  term values in the upper and lower vibronic s t a t e s  
are P ( J ' , K ' )  and F^(J",K"), respect ively ,  and 1f the v ibra tional  term values 
are G '(v[ ,  and and the e lec t ron lc  terra values
FIGURE 8 . ANGULAR MOMENTUM VECTOR OIAGRAM FOR A SYWETRIC TOP MOLECULE *
* Taken from reference 24.
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are and T£, then the wavenumbers of a l l  the possible ro ta t iona l  t r a n s i t io n s  
fo r  a given vibronic t r a n s i t io n  are represented by
V = (T‘ - TJ) + [ G ' ( ^ )  -  G 'V j ) ]  + [ F ; ( J ' ,K ' )  -  F ; ( J " #K“)] (47)
Hence, according to  equation (45),  ro ta t ional  spectra tha t  are observed fo r  a 
given vibronic t r a n s i t io n  represent differences  in the ro ta t iona l  constants  
between the upper and lower vibronic s ta te s .
Since K = J 2 , the quantum number K cannot be g reater  then J .  Therefore, 
for  a given J,
K * J ,  J - l ,  J-2,  . . . ,  -J (48) 
or ,  in other  words, for  every K value there is a se r ie s  of ro ta t iona l  levels  
with
J = K, K+l, K+2, . . .  (49)
Since K is  the component of J along the top axis ,  1t can be e i th e r  pos i t ive  or 
negat ive, and s ta te s  whose only difference is  the sign of K have the same 
energy. They correspond to  the two opposite d i rec t ions  of ro ta t io n  about the 
f igure  axis .  Thus a l l  s ta te s  with K > 0 are doubly degenerate.
In o r b l t a l l y  non-degenerate e lec tronic  s t a t e s ,  the sp in -o rb i t  coupling is 
usually very small,  but i t  does increase with increasing J and K. As for  
l inear  molecules,  the quantum number N of the to ta l  angular momentum apar t  
from spin 1s introduced and replaces J in a l l  the previous symmetric top 
formulae. The spin S Is added to  N to give the t o ta l  angular momentum 
J = N + S and therefore the quantum number J takes on the values
J = N+S, N+S-l, . . . ,  (N-S] (50)
so th a t  each level of a given N is  s p l i t  in to 2S+1 components.
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3 .2 .3 .2  SELECTION RULES FOR ROTATIONAL TRANSITIONS
For symmetric top molecules, when the t r a n s i t io n  moment of the e lec t ron ic  
t r a n s i t io n  i s  para l le l  to  the top axis,  one has what are known as "para l le l
bands" in which the select ion rules  are
aK = 0 aJ = 0, ±1 i f  K * 0
aK = 0 AJ = ±1 i f  K = 0
On the other  hand, when the t ra n s i t io n  moment is  perpendicular to  the top 
ax is ,  one has what are known as "perpendicular bands" in which the se lec t ion  
rules  are
aK = ±1 aJ = 0, ±1 
Other se lec t ion  rules  based on the symmetry proper t ies  ex i s t  but are too 
numerous to  warrant a fu l l  discussion 1n th i s  b r ie f  suimtary.
3 .2 .3 .3  TRANSITIONS BETWEEN NON-DEGENERATE ELECTRONIC STATES
An allowed e lectronic  t ra n s i t io n  between non-degenerate e lec t ron ic  s ta te s  
of a molecule with a more-than three-fo ld  axis of symmetry 1s necessari ly  a 
p a ra l le l  t r a n s i t io n  (aK = 0).  This 1s so because the change of dipole moment 
for  a l l  allowed t ra ns i t ions  1n such a system i s  in the d i rec t ion  of the
symnetry ax is .  Changes in any other d irec t ion  would correspond to e lec t ron ic
2 5t r a n s i t io n s  1n which one or both of the s ta tes  involved is degenerate.  For 
such a p a ra l l e l  band, only levels  of the same K value can combine with one 
another. For a pa r t icu la r  K value, since aJ = 0, ±1 (assuming K * 0 ) ,  there 
ex is t s  a sub-band of three simple branches: P, Q, and R, corresponding to 
t r a n s i t io n s  with aJ = +1, 0, -1,  respect ively.  The complete pa ra l le l  band i s
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obtained by a superposition of a number of such sub-bands, corresponding to  
the various K values th a t  occur a t  the temperature of observation. I f  the 
ro ta t iona l  constants A and B are not very d i f fe ren t  1n the upper and lower 
e lec t ron ic  s t a t e s ,  a l l  the sub-bands will  approximately coincide,  since the 
spacing of the levels  in the upper and lower s ta te s  will be nearly the same.
If  one considers ro ta t iona l  constants th a t  are d i f fe ren t  1n the upper and 
lower e lec t ron ic  s t a t e s ,  the sub-bands no longer coincide but are sh if ted  
s l i g h t ly  depending on the magnitudes of the differences between the ground and 
exci ted s ta t e  ro ta t ional  constants.
For less  symmetric molecules, the change of dipole moment for  a 
vibra t ional  t r a n s i t io n  may also be perpendicular to  the top axis and in tha t  
case aK = ±1 can also occur. In f a c t ,  i t  may happen th a t  the change of dipole 
moment makes an intermediate angle with the top axis .  In th i s  case, 
both aK = 0 and aK = ±1 may occur, and one has what 1s cal led a "hybrid" 
band. Such bands also consis t  of a number of sub-bands. However, even when 
the In te rac t ion  of v ibra tion and ro ta t ion  is neglected, the sub-bands do not 
coincide.  Rather,  a s e r ie s  of l ines  formed by the Q branches of the d i f f e r e n t  
sub-bands becomes the most prominent feature  1n the spectrum while the l ines  
of the P and R branches of the sub-bands form a less intense background.
4. EXPERIMENTAL APPARATUS
4.1 SUPERSONIC FREE JET CHAMBER
The prac t ica l  l imit  to  the performance of a supersonic expansion is  the 
requirement of adequate pumping capacity to handle the gas discharge through 
the nozzle.  This is  t rue  because one cannot produce cooling 1f the expanding 
gas 1 s allowed to  s c a t te r  from the background gas which 1 s a t  ambient 
temperature since th is  sca t te r ing  only reheats the molecules in the supersonic 
j e t .  To prevent t h i s  from occuring, our chamber is  evacuated by a combination 
of a Leybold-Heraeus DK200 rotary  piston pump and WS1000 roots blower. For a 
continuous flow (cw) nozzle with an o r i f i c e  diameter of 2 0 0  uni and a typical  
backing pressure of 60 PSI behind the nozzle,  th i s  pumping system maintains 
the background gas pressure at  80-200 m l lH to r r  for  argon and helium c a r r i e r  
gases. Although a t  these pressures the mean f ree  path between background gas 
co l l i s io n s  1 s smaller than the dimensions of our experimental apparatus,  the 
molecules in the j e t  do not experience heating. Campargue was the f i r s t  
to understand the reason for  t h i s .  He real ized tha t  i f  the background 
pressure was allowed to  increase,  shock waves would form around the cold, 
isentropic  core of the expansion and shield the core from the warm background 
gas. This proved convenient experimentally since pumps of smaller volumetric 
pumping speed could be used to maintain the higher background pressure . 
Addit ional ly , t h i s  approach was found to be p a r t ic u la r ly  useful for  
spectroscopic experiments, since the shock waves surrounding the isen t rop ic  
core do not a f fec t  the propagation of l igh t .
Figure 9 i l l u s t r a t e s  the free j e t  chamber and l igh t  co l lec t ion  op t ics .
Ll* l 2* l 3* and l 5 are 4  ^nch focal length biconvex lenses,  L4  i s  a 3 inch
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focal length biconvex lens ,  S 1s a 200 ym s l i t ,  and F 1s a broadband f i l t e r .  
These opt ics  serve to  co l lec t  the lase r  Induced fluorescence and discriminate  
against  sca t te red  lase r  l ig h t .  The chamber 1s evacuated with the pumps 
mentioned above and is  equipped with an MKS baratron (P^) and a thermocouple 
gauge (P2 ) fo r  monitoring background gas pressures .  Both are capable of 
measuring pressures down to  lxlCTJ t o r r .  Gases are expanded Into the chamber 
through a 200 yin o r i f i c e .  The c a r r i e r  gases used in these experiments are 
argon and helium a t  backing pressures from 30 to 500 PSI. The counter- 
propagating photolysis/photolonizing and probe lase rs  en te r  the f ree  j e t  
chamber through Suprasll II UV quartz 1n the horizontal plane. These are 
located at  the ends of 30 cm arms on each side of the chamber. The windows 
are mounted 1n ro ta tab le  flanges held at Brewster 's angle 1n order to  minimize 
r e f l e c t iv e  losses  in passing both the photolysis/photoionlzing and probe lase r  
l igh t  in to the chamber. Further ,  the chamber arms are equipped with l ig h t  
ba f f le s  to  reduce the amount of background scat te red rad ia t ion  detected by the 
opt ica l  co l lec t ion  system. Both the lasers  and the j e t  nozzle can be 
t rans la ted  independently along the expansion axis ,  thereby allowing a var ie ty  
of experiments to  be attempted.
For the furan cat ion  and the cyclopentadienyl radical  experiments,  the 
precursors used were furan (C^H^O) and cyclopentadiene (C5 Hg), respect ive ly .  
The furan l iquid (Aldrich Chemical Company, +9956) was used without fu r th e r  
p u r i f i c a t io n .  The cyclopentadiene was formed by "cracking" a sample of 
dicyclopentadiene (Aldrich Chemical Company, 9556). This was accomplished by 
heating the dimer un t i l  1t dissociated in to  two monomers. The resu l t ing  
monomer vapor was passed through a water-cooled column where i t  condensed and
subsequently dripped in to  a f la sk  where i t  could be co l lec ted .  This sample
0
was maintained a t  -78 Celsius un t i l  needed for  the experiment in order to
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prevent dlmerization from reoccuring. Each precursor was seeded Into the 
c a r r i e r  gas by placing 1 t  1 n a s ta in le s s  s tee l  sample cylinder  which was
o
cooled to  -15 Celsius by a "slush bath" of crushed Ice, NaCl, and water.  The 
c a r r i e r  gas was allowed to flow over the sample and en tra in  the re su l t ing  
vapor pressure of the precursor into i t .  This mixture was subsequently 
expanded in to the chamber through the 200 pm o r i f i c e .  Based on observations 
of the density  drop as a function of distance from the nozzle for  both 
precursors ,  the free j e t  expansion behaved as one would expect fo r  a 
monoatomic gas. This was so because the equations derived e a r l i e r  for  a 
supersonic f ree  j e t  expansion assumed the use of a monoatomic ideal gas. 
Therefore, the presence of s izable amounts of polyatomic non-1deal gas 
molecules would cause s ign i f ican t  departures from the behavior predicted by 
these equations. Since such departures are not observed, one may conclude 
th a t  the gas mixture i s  predominantly composed of in e r t  monoatomic c a r r i e r  gas 
molecules.  Hence, 1t is  reasonable to estimate tha t  the concentrat ions  of 
both precursors  were only < 1 % tha t  of the c a r r i e r  gases.
4.2 OVERALL EXPERIMENTAL SETUP
Figure 10 gives a view of the overall  experimental setup. The 
photolysis /photoionizing la se r  i s  a Lambda Physik excimer lase r  (EMG101) 
operating on e i th e r  ArF or KrF a t  a repe t i t ion  r a te  of 10 Hz. The output 
pulses (193 nm or 248 nm, respect ively;  200 mj; 20 ns) are focussed by a one 
meter CaF lens onto the supersonic expansion a t  a point 1.5 ran downstream from 
the nozzle,  corresponding to 7.5 nozzle diameters (nd) for  the 
200 pm o r i f i c e .  The resu l t ing  species formed by the
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photolysis /photolonizat ion are allowed to cool in the expansion un t i l  reaching 
50 nd. At t h i s  point ,  lase r  induced fluorescence (LIF) and wavelength 
resolved emission (WRE) spectra  are recorded using the temporarily delayed 
output of a grazing incidence dye lase r ,  focussed onto the expansion by a one 
meter quartz lens.  The dye lasers  used are a Quantel TDL I I I  and a homebuilt 
grazing Incidence dye lase r .  The former operated a t  a linewidth 
of - 1  cm- * and was used for  obtaining vibra tional reso lu t ion ,  while the 
l a t t e r  was especial ly  designed to  have high eff ic iency a t  narrow linewldths 
fo r  obtaining ro ta t ional  reso lu t ion .  The l a t t e r  modifications wil l  be 
discussed in de ta i l  In sect ion 4.4. The dye lase r  i s  pumped by e i th e r  the 
output of a Quantel NdrYAG laser  (Series 480) which 1s frequency doubled to  
532 nm or the output of a Lambda Physlk exclmer lase r  (EMG101-MSC) operating 
on XeCl at  308 nm. A number of Exciton dyes were used in t h i s  study. Each 
was optimized for  eff ic iency  and linewidth a t  various concentrations 1 n the 
appropriate  solvents .  When neccessary, the dye lase r  output was frequency 
doubled using 10 x 10 x 30 mm single c rys ta l s  of potassium dihydrogen 
phosphate (KDP). Both KDP "C" and KDP "D" c ry s ta l s  (INRAD) were used in order 
to reach the desired t r a n s i t io n s .  The primary beam was condensed by a 250 mm 
focal length lens to achieve optimum in tens i ty  over the length of  these 
c r y s t a l s .  The o r ien ta t ion  of the crysta l  was tuned to match the r e f r a c t iv e  
Indices of the primary and secondary beams, and a number of f i l t e r s  (Esco 7- 
37, 7-51, 7-54, 7-59 and 7-60) were used in various wavelength ranges to 
i so la te  the second harmonic. A telescope,  consis ting of two quartz lenses,  
focussed the re su l tan t  beam into the fluorescence chamber. Uranium lamp 
optogalvanic spectra  and I 2  laser  induced fluorescence spectra obtained from 
homebuilt instruments were recorded simultaneously with a l l  exc i ta t ion  spectra  
in order to provide an absolute frequzncy ca l ib ra t io n .  Etalon modes were also
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recorded using e i th e r  a 0.5 cm- * free spectral  range eta lon coated for  
operation in the range 500-700 nm or a 1.0 cm- * free spectra l  range eta lon 
coated fo r  operation 1n the range 370-440 nm (Virgo Optics).  These provided 
frequency markers as well as providing a check on the l in e a r i ty  of the dye 
la se r  scans. Normalization of the data was achieved by monitoring the 
in tens i ty  of the dye laser  output as a function of frequency with a PIN 40A 
photodiode (United Detector Technology, Inc . ) .  For wavelength resolved 
emission data ,  reference l ines  from a mercury arc lamp were recorded through 
the monochromator 1 n order to  provide an absolute frequency c a l ib ra t io n  for  
these spectra  as well .
4.3 LASER/VAPORIZATION CLUSTER SOURCE
During the course of conducting the optical emission s tudies  on graphi te ,  
a d i f f e r e n t  experimental setup was required from th a t  given 1n sect ion 4 .1.
The lase r /vapor iza t ion  nozzle design used was s imilar  to th a t  described by 
Dietz e t  a l . ^ 2  and others®- *2. The modified experimental setup is  given 1n 
Figure 11. A pulsed nozzle (Newport BV-100) was used 1n place of the cw 
nozzle and operated at  a 10 Hz rep e t i t io n  r a t e .  The second harmonic output of 
a Quantel Nd:YAG lase r  (532nm, 80mJ, 18ns) was used to  vaporize mater ia ls  from 
a high pur i ty  graphite rod. A 500 mm focal length lens focussed the lase r  
normal to the rod 's  surface and transverse to  the nozzle's  linn diameter flow 
channel. The lens i s  held off  focus and the spot s ize was measured at  the 
surface to be 700 urn. The in te n s i t i e s  achieved by such a configuration ranged 
from 0.1 to  2 GW/cm2 . The lase r  was timed to  f i r e  near the maximum of the 
c a r r i e r  gas density and created a plasma which was entrained and cooled by
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the gas. The c a r r i e r  gases used were helium and argon a t  backing pressures 
from 15 to  150 PSI. The graphi te target  rod 1s continuously rota ted  and 
t ra ns la ted  to  expose a fresh surface to  the vaporizing l a se r .  The minimum 
distance from the in te rac t ion  region to  the o r i f i c e  ex i t  of the flow channel 
was 5 nd (1 nd = 1 mm). After exi t ing  the channel the p lasma/carr ie r  gas flow 
was allowed to expand f ree ly  into a vacuum where the species were fu r the r  
cooled. At th i s  po in t ,  the emission was monitored by a su i tab le  opt ical  
co l lec t ion  system, the d e ta i l s  of which will be discussed in sect ion 4 .5.
4.4 IMPROVED HOMEBUILT GRAZING INCIDENCE DYE LASER DESIGN
4.4.1  MOTIVATION
During the course of planning laser-induced fluorescence experiments 
aimed a t  obtaining ro ta t iona l  resolu tion on the vibra tional bands in 
the B e lec t ron ic  s ta t e  of the furan cation, we designed and tested  a modified 
version of the grazing incidence dye laser  cavity 1 n order to  achieve higher 
e f f ic i e n c ie s  and narrower linewidths than those previously a t t a in ab le  with the 
conventional cavity  design. Linewidth, ef f ic iency ,  and r e l a t iv e  power 
measurements for  t h i s  modified design are discussed below and compared to  the 
conventional grazing Incidence dye laser  cavity.
■10
The grazing incidence cavity ,  as designed by Shoshan e t  a l .  and Littman 
and Metcalf^4, i s  i l l u s t r a t e d  in Figure 12(a).  W is  a 4% re f lec t in g  wedged 
output window, DC 1s the dye c e l l ,  G 1s the d i f f r a c t io n  gra t ing ,  and M i s  the 
10056 r e f l e c t in g  tuning mirror.  Narrow wavelength operation 1s achieved by 
allowing the broadband emission emerging from the dye ce l l  to  pass over the
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surface of a d i f f r ac t io n  grating a t  grazing Incidence. In t h i s  configurat ion 
the grat ing exer ts  maximum angular dispersion on the spectra l  components of 
the incident l ig h t .  A mirror Is positioned to r e f l e c t  a small frequency 
bandwidth from the f i r s t  order of the grating back through the cavi ty ,  where 
1 t  i s  fu r th e r  dispersed by the grating before passing through the amplifying 
medium 1n the dye cel l  and out of the 4% re f lec t ing  wedged output window. The 
frequency 1 s tuned by rota t ing the feedback mirror.
The grazing incidence design 1s 1n wide use for  a var ie ty  of reasons, 
including ease of alignment, narrow linewidth operation, low cos t ,  and overall  
s im pl ic i ty .  However, the major drawback i s  the low conversion e f f i c ie n c ie s  
tha t  are a t ta in ab le .  Values from 1 to 3% are typ ica l ,  and t h i s  can be a 
severe l im i ta t ion  1 f  one wishes to probe t ra n s i t io n s  th a t  are only weakly 
allowed. There are three major sources of t h i s  low conversion e f f ic iency .  
F i r s t ,  d i f f r a c t io n  grat ings  are In e f f ic ien t  at  large angles of incidence.
This 1s j u s t  a f ac t  tha t  lase r  spectroscoplsts  must work with. Second, l ig h t  
is  l o s t  Into unwanted d i f f rac t io n  orders.  This loss may be minimized by the 
use of a holographic grating with a high number of l ines  per mil l imeter ,  since 
such a grat ing d i f f r a c t s  most of the l igh t  incident on i t s  surface in to  i t s  
f i r s t  order .  Third, another loss is due to  the divergence of the l ig h t  in the 
cav i ty .  This can be eas i ly  visualized by considering a l igh t  beam emerging 
from the dye ce l l  with a beam waist wj. This beam has a ce r ta in  amount of 
divergence associated with i t .  As a r e s u l t ,  a f t e r  t rav e l l in g  to the mirror- 
gra t ing p a i r .  I t  returns to  the dye cel l  with an expanded waist ^  ( w2 > 
wj). This larger  beam waist (w£) has a poor overlap with the act ive region of 
the dye (wj),  and consequently s ign i f ican t  amounts of l igh t  are los t  to  
absorption in the unpumped portions of the dye medium.
Lisboa et a l . 3 5  and Yodh e t  a l . 3<* attempted to  address t h i s  problem by
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experimenting with the Insert ion of an in tracavi ty  lens between the dye cell  
and d i f f r a c t io n  grat ing in a grazing incidence dye la se r .  The lens was 
positioned a t  a distance of approximately one focal length from the dye 
c e l l .  This had the e f fec t  of increasing the overlap fo r  a s ingle  pass between 
the re turning l igh t  and the amplifying region of the dye ce l l  by collimating 
the f ree ly  expanding l ig h t  and then refocussing i t  through the same beam path 
(W} = W2 ) .  However, during subsequent passes, the cavity  becomes an unstable 
resonator .  This i s  I l lu s t ra te d  in Figure 12(b). L is  the In tracav i ty  lens,  
and the other  cavi ty elements are the same as in Figure 12(a). The l igh t  
returning from the 451! re f lec t ing  window has the same poor coupling f ac to r ,  or  
perhaps worse due to focussing e f fe c t s ,  to the amplifying medium as without 
the lens.
To fu r th e r  Improve the grazing Incidence cavity ,  we studied a modified 
version of the lens design. A double-grating grazing incidence dye lase r  was 
operated with an in tracavi ty  lens, but the wedged output window was replaced 
with a 100% re f lec t ing  spherical mirror.  The output was taken from the zeroth 
order of the d i f f r ac t io n  gra t ing .  These changes resu l ted  1n both Increased 
ef f ic iency  and reduced linewidth as compared to  the conventional grazing 
incidence design. The foci of the lens and mirror were chosen so as to  form 
an op t ica l ly  s tab le  concentric r e so n a to r^  (R  ^ = R2  = d / 2 , where and R2  are 
the radi i  of curvature of the two opt ics  and d 1 s the separation between 
them). This design allowed the l igh t  to undergo many cavi ty  passes,  whereas 
the in t racav i ty  lens without the spherical mirror was only o p t ica l ly  s tab le  
fo r  a s ingle pass.  To convince oneself that  the o p t ica l ly  s tab le  mirror-lens  
cavity  i s  Indeed multipass,  one must only consider th a t  the duration of the 
YAG or excimer lase r  exc i ta t ion  pulse 1s approximately 18 ns,  whereas the time 
necessary for  one round t r i p  in a typical  28 cm long cavity  1 s approximately 2
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ns. This allows a to ta l  of nine round t r i p s  during the time of the exc i ta t ion  
pulse* and therefore th i s  is  indeed a multipass cavi ty .  The mirror-lens  
design a lso  dramatically reduced the divergence losses 1 n the cavity  while 
simultaneously feeding back 1 0 0 % of the l igh t  for fu r ther  amplifica t ion. 
Addit ional ly , the concentric design provided b e t te r  def in i t ion  of the active 
region within the dye medium, thereby preventing weak modes from achieving the 
gain necessary to o s c i l l a t e .  These changes Incorporated a l l  of the advantages 
of the in t racav i ty  lens while s ign if ican t ly  Improving the s t a b i l i t y ,  
l inewldth, and efficiency of the output pulses as well .
4 .4 .2  MIRROR-LENS CAVITY
The mirror-lens cavity configuration 1s given in Figure 12(c). The 
homebullt dye laser  consisted of a 25 mu diameter 100% re f le c t in g  spherical 
mirror (M), a 12.5 mm wide flow-through dye c e l l  (DC), two holographic 
grat ings with 2400 I1nes/mm (G1 and G2), and a 25 mn diameter lens (L).  The 
dye ce l l  was held at Brewster 's angle to minimize r e f le c t iv e  losses in the 
cavi ty .  For the p a r t icu la r  experimental t e s t s  conducted on th i s  l a s e r ,  e i th e r  
a Lambda Physik XeCl exclmer lase r  (5 mJ, 20 ns ,  308 nm) or  a Quantel Nd:YAG 
lase r  (5 mJ, 18 ns, 532 nm) was used to  exci te  a 1.5 x 10-  ^ M solu tion of 
rhodamine 590 dye 1n methanol. The pump beam was focussed onto the dye cel l  
with a 25 nm diameter,  75 mm focal length cylinder lens.  The in t racav i ty  lens 
had a 1 0 0  mm focal length (R^ = 1 0 0 mm for  the lens) and was positioned 
approximately one focal length away from the dye de l l  and as close as possible  
to the g ra t ing .  The spherical mirror (Melles Griot 01LPK062, protected A1 
coating) had a 50 mm focal length (R2  s 100mm for  the mirror) and was
6 5
posit ioned 1 0 0  mm from the dye ce l l  so th a t  i t s  radius of curvature overlapped 
tha t  of the lens.  The to ta l  cavity length was 28 cm. Both the lens and the 
mirror were mounted on t ran s la t io n  stages for  precise  posit ioning.
4 .4 .3  LINEWIDTH ANALYSIS AND CAVITY STABILITY
In general ,  the linewidth of a grazing Incidence dye la se r  i s  defined as
ax = | a e  (56) 
where ax/ 3 e is  the inverse of the angular dispersion of the gra t ing and ae i s  
the acceptance angle of the incident l igh t  onto the gra t ing ,  i . e . ,  the
OQ
divergence. For the s ingle-pass model , the angular dispersion 1n a double­
gra t ing cavity  is  given as
If = ^ 2a + coft' + B (57)
where e is  the grazing angle, ♦ is  the angle between the normal to the gra t ing 
surface  and i t s  f i r s t  order d i f f rac ted  beam, e' is the angle between the 
normal to  the Llttrow grating surface and i t s  incoming beam, and a and & are 
the r a t io s  of d i f f r a c t io n  order to groove spacing for  the grazing incidence 
and Littrow gra t ings ,  respect ively .  The important point to  note 1s tha t  
as e approaches 90 degrees the angular d ispersion a t t a in s  i t s  maximum value, 
and hence the linewidth a t t a in s  I t s  minimum value. This i s  the p r inc ip le  of 
operat ion underlying the grazing incidence design. As i s  obvious from 
equation (56),  the divergence a f fec ts  the linewidth. I f  the Incident  l ig h t  
beam f i l l s  up the grat ing so th a t  the grat ing becomes the l imit ing aperture  in 
the cav i ty ,  d i f fac t lon  a f fec ts  will  a r i s e ,  and the divergence will  Increase 
with e so tha t
4 6  ■ i k e  <58>
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where x i s  the wavelength of the l igh t  and 1 1 s the length of the grazing 
incidence grat ing.  Therefore, fu r ther  Improvements 1n linewidth beyond th i s  
gra t ing - 1 1  mi ted angle are d i f f i c u l t  to rea l ize  due to  the e f fec t s  of the 
increased divergence. I f  the grating is not the l imit ing aperture 1n the 
cav i ty ,  the Intracavi ty  lens is  able to reduce the divergence of the beam much 
more s ig n i f i c a n t ly  and hence the linewidth as well .  Physical ly ,  t h i s  1s easy 
to  v isua l ize  by considering the change in beam geometry Induced by the lens.  
Pr ior  to the inser t ion  of the lens , many spectral  components of the diverging 
l ig h t  were allowed to  o s c i l l a t e  in the cavi ty because the varie ty  of incidence 
angles onto the grat ing made i t  possible for  more of them to follow the same 
beam path and thereby simultaneously s a t i s fy  the cavi ty  boundary condit ions.
By coll imat ing the beam with the lens, many of these paths are eliminated so 
tha t  the modes corresponding to them can no longer contr ibute  to the 
linewidth.
For a two-element resonator ,  optica l s t a b i l i t y  is  determined by the 
following re la t io n
0 < < 1 (59)
where g^ = 1 - d/R^ and g2  = 1 - d/R2. Rj and R2  are the rad i i  of curvature 
of the two optics  and d is the separation between them. This r e l a t io n  defines 
a region of optical  s t a b i l i t y  bounded by hyperbolas in the f i r s t  and th i rd  
quadrants of the g i -g 2  Cartesian plane. For the conventional grazing 
incidence dye l a se r ,  gjg 2  = 1  (gj = 1  and g2  = 1 ), and the cavity  l i e s  
d i r e c t ly  on one of these hyperbolas at the boundary fo r  optical  s t a b i l i t y .
For the mirror-lens  cavi ty ,  g^g2  = 1 (g^ = -1 and g2  = -1 ) ,  and th i s  cavity  
l i e s  on the hyperbola at the opposite edge of optical s t a b i l i t y .  However, the 
in t racav i ty  lens design with a wedged output window has g^g2  < 0  (g^ = 1  and 
g2  < 0 since d > R2) ,  and th i s  cavity l i e s  outside the region of optica l
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s t a b i l t y .  Therefore, 1t 1s an unstable opt ical  resonator.  Hence, the use of 
a spherical end mirror In place of the wedged output window represents  a 
s ig n i f ican t  improvement in the s t a b i l i t y  of the dye lase r  cavity .
4 .4 .4  LINEWIDTH AND EFFICIENCY RESULTS
The re su l t s  of our linewidth s tudies  are presented in Figure 13 as a 
function of grazing angle. The mirror-lens cavity  achieved linewidth 
improvements of 25-40% over the conventional cavity .  Linewidths as small as 
0.05 cnf* were achieved. I t  should be possible to obtain fu r ther  l inewidth 
reductions with the mirror-lens design by using opt ics  of smaller foci so th a t  
a decreased cavity length can be used. This would have the e f fec t  of fu r th e r  
separating the longitudinal cavity modes, since th i s  spacing 1 s inversely 
proportional to  the cavity length. Therefore, some modes would no longer have 
enough gain to o s c i l l a t e  1 n the cavity and could not contr ibute  to the 
spectra l  l inewidth. Another method to reduce the number of modes 1n the 
cavity  1 s to use a thinner  dye c e l l  so th a t  the act ive medium path length 1 s 
decreased and a be t te r  defined source 1s present .  This would have the e f f e c t  
of decreasing the number of high gain pathways through the ac t ive  medium.
Our r e l a t iv e  power measurements are presented 1n Figure 14. We 
reproduced the re su l t s  of Yodh e t  a l .  for  the lens cavity with a wedged output 
window and also obtained s ign i f ican t ly  larger  improvements with the mirror-  
lens design. For the mirror-lens configuration the output was taken from the 
zeroth order of the grating,  while the front  window output was used fo r  the 
conventional cavi ty .  This was done to compare our r e s u l t s  to  those of Yodh et 
a l .  where fac tors  of - 2  improvement were observed fo r  the f ron t  window output
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of the lens cavi ty as compared to  the conventional one. For the mirror-lens  
design, fac to rs  of 1 0 - 2 0  improvement over the front  window output of the 
conventional cavity were typ ica l ly  obtained. These fac tors  were reduced to  4- 
8  when compared to the zeroth order output of the same cav i ty .  In addi t ion,  
the mirror-lens  cavity allowed us to operate a t  grazing angles where the 
conventional cavi ty  would e i th e r  lase weakly or  not a t  a l l .
Eff ic iencies  are compared in Table 2. B represents the conventional or 
basic cavi ty ,  ML is  the mirror-lens cavity, FW is  the f ront  window output,  and 
DG 1s the zeroth order output of the d i f f r a t lo n  grat ing.  The term stimulated 
e f f ic iency  i s  meant to indicate  tha t  the above r e su l t s  are due to  stimulated 
rad ia t ion  only. The spontaneous contr ibut ion was measured and subtracted 
before these e f f ic ien c ie s  were ca lcula ted.  Stimulated l igh t  e f f i c i e n c ie s  of 
1536 fo r  the mirror-lens cavity were obtained. The r a t io  of stimulated to  
spontaneous emission was determined by aperturlng the lase r  l ig h t  and allowing 
a representa t ive  sample to s t r ik e  the surface of a d i f f r a c t io n  grat ing where 
the spectral  components were dispersed and separated for  measurement. The 
mirror- lens  design cons is tent ly  Improved the percentage of stimulated l igh t  
coming off  the zeroth order of the grating as compared to  the conventional 
cavity .
Although the Improvements reported here were obtained with a double­
grat ing grazing Incidence dye la se r ,  the mirror-lens  design yielded s table  
e f f i c i e n t  narrowband operation for  a s ingle-grat lng-tunlng mirror dye la se r  as 
well .  In addit ion,  the beam qual i ty  1n both the gra t ing-grat ing  and g ra t ing-  
tuning mirror configurations was improved by the addi tion of the spherical  end 
mirror and in t racav i ty  lens. The divergence of the dye lase r  beam was grea t ly  
reduced in comparison to the conventional cavi ty as a r e su l t  of the 
coll imating e f fec ts  of the mirror-lens combination. One benef i t  of t h i s  i s  to
CAVITY OUTPUT
STIMULATED
LIGHT
(%)
STIMULATED LIGHT 
EFFICIENCY 
(%)
B FW 9 9 1.5
B DG 5 0 2 .5
ML DG 6 3 15.0
TABLE 2
STIMULATED LIGHT EFFICIENCIES IN AN IMPROVED HOMEBUILT GRAZING INCIDENCE DYE LASER
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Increase conversion eff ic ienc ies  during subsequent stages of amplif ica t ion ,  
since a we1 1 -collimated seed beam can more e f f i c i e n t ly  f i l l  an amplifying 
medium than a strongly diverging one.
Addit ionally ,  although the amount of spontaneous emission present  in the 
dye la se r  output depends on many fac to rs ,  including dye concentration and pump 
power, i t  is well known tha t  the output from the zeroth order of the 
d i f f r a c t i o n  grat ing contains a large percentage of spontaneous l ig h t .
Typically we measured values of - 509£ for  the double-grating cavity  without 
addi t ions .  The mirror-lens cavity reduced th i s  quant ity to 30-35# while 
operat ing at a linewidth of 0.1 cnT*. Further improvements 1n the r a t i o  of 
spontaneous to stimulated emission can be achieved by various methods. In 
p a r t i c u la r ,  the bent cavity design, in which the cavity opt ics  are posit ioned 
so t h a t  the dye laser  beam undergoes to ta l  internal re f lec t io n  from the Inside 
surface  of the dye c e l l ,  could help improve th i s  r a t i o ,  since the majority of 
spontaneous l ig h t  e x i t s  the cavity a t  a d i f fe ren t  angle from th a t  of the 
stimulated l ig h t  and i s  therefore not Included in the output beam. Another 
a l t e rn a t iv e  cavity  can be constructed by returning to  the 4# r e f l e c t in g  
window and posit ioning two lenses of the same focal length on e i th e r  side of 
the  dye c e l l .  While t h i s  cavity will  not be as e f f i c i e n t  as the mirror-lens  
des ign, i t  i s  also a concentric resonator and should achieve s tab le  and more 
e f f i c i e n t  output pulses than the conventional cavity. In addi t ion ,  1t would 
allow one the option of  using the f ront  window output which typ ica l ly  contains 
much lower amounts of spontaneous emission (< 1 %).
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4.5 OPTICAL COLLECTION SYSTEM
The optica l  co l lec t ion  system consisted of a photomultiplier (PMT) system 
and a monochromator-PMT system. The PMT (Hamamatsu R446) system was used in 
combination with a broadband f i l t e r  to record laser  induced fluorescence (LIF) 
exc i ta t ion  spect ra ,  i . e . ,  the to ta l  fluorescence yielded as a function of 
probe la se r  frequency. Suitable co l lec t ion  op t ics ,  f i l t e r i n g ,  and aper turing 
limited the viewing region to  a well defined solid angle. This is  c r i t i c a l  so 
th a t  the de tec to r  views only a very limited set  of molecular temperatures and 
discr iminates  against background emission caused by the 
photolysls /photoionlzlng l a se r .  The monochromator-PMT system was used to  
d isperse  the LIF produced by the probe lase r  held at  a fixed frequency. The 
emission was col lec ted normal to the expansion axis with an f /4  opt ica l  system 
and was imaged onto the 150 ym s l i t  of a Jarrel-Ash 0.2 m monochromator, which 
i s  equipped with two Interchangeable gra t ings .  The resolu t ion  of the 
monochromator with 150 ym s l i t s  is three angstroms fo r  the low blaze grat ing 
and six angstroms for  the high blaze one. These gra t ings  are blazed such tha t  
they have peak e f f ic ie n c ie s  at  300 and 600 nm, respect ive ly .  The output i s  
monitored by a Hamamatsu R282 PMT. This optical  system provides not only 
frequency s e le c t iv i t y  but spa t ia l  resolut ion as well .  <
The Hamamatsu R282 is a side-on type photomultiplier  tube having a 
spectra l  response in the range 185-700 nm with a peak s e n s i t i v i t y  a t  450 nm.
I t  i s  equipped with a nine stage dynode chain and has a UV quartz window. The 
r i s e  time of t h i s  detector  i s  2 . 2  ns and a typical dark current  is  2  
nanoamps. The Hamamatsu R446 PMT 1s ident ica l  in most respects  to the R282 
except for  the f a c t  tha t  i t s  spectral  response l i e s  in the range 185-870 nm 
with a peak s e n s i t i v i t y  at  330 nm. These detectors  were ty p ica l ly  operated
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with 1000 vol ts  DC applied to the dynode chain.
4.6 DATA COLLECTION
The PMT outputs for  both the exci ta t ion  and dispersed fluorescence 
spectra  were amplified a t  the free j e t  chamber by homebullt 275 MHz 
preamplif iers  (xlO) and subsequently fed in to  a Lecroy 6102 100 MHz amplifier  
along with a l l  ca l ib ra t io n s .  The amplifier had an input range which 1s 
var iable  from 50 mV peak-to-peak to  250 mV peak-to-peak with an accuracy 
of ± 3% of the fu l l  scale .  A front  panel potentiometer allowed the output to  
be DC o f f s e t  up to 100 mV posit ive or negative with a d r i f t  of less  
than ± 200 pV/°C. After amplificat ion the s ignals  were collected by a Lecroy 
2249SG 12-channel, gated analog-to-d1gital converter.  Each channel had a 10- 
b i t  conversion to  provide a to ta l  dynamic range of 1024 counts per la se r  
shot.  The performance of the A/D converter was l inear  fo r  gate s izes  up to 
2 0 0  ns but could be operated with gate s izes  up to 2  pS with reduced 
accuracy. Control of the dye laser  and monochromator frequency was 
accomplished via model 3361 and 3362 CAMAC stepping motor co n t ro l le r s .  These 
devices were capable of handling up to 32,767 steps with one command and were 
ve loc i ty  programmable up to  5000 steps per second. In p rac t ice ,  the actual 
data was col lec ted  by stepping the dye lase r  or monochromator to a p a r t i c u la r  
frequency, averaging the signal over many laser  shots ,  s tor ing the value 
obtained, then stepping by a desired frequency increment, averaging again, 
s to r ing ,  and repeating th i s  procedure unti l  the scan was f in ished .  We wrote a 
var ie ty  of fo r t ran  programs to communicate with the CAMAC modules and the A/D 
conver ter .  These controlled the data acquis it ion  and storage and allowed the
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experimenter the freedom to  p re-select  a p a r t ic u la r  dye la se r ,  dye lase r  
dr ive ,  monochromator, low or high blaze grat ing,  frequency range, incremental 
step s ize ,  number of laser  shots to  average over,  and number of channels of 
the A/D converter to simultaneously u t i l i z e .  Further,  we wrote additional 
programs to  aid in data analysis .  These were capable of manipulating the data 
in a var ie ty  of ways, including x- and y-axis  expansions, wavelength-to- 
frequency conversions, data se t  divisions  for  normalization, r e labe l l ing  of x- 
and y- axes for  ca l ib ra t ion  purposes, and overlaying of various data se ts  for  
comparisons. Both the A/D converter and stepping motor con tro l le r  were 
interfaced via a CAMAC maxima-885 crate  and LSI-11 crate  co n t ro l le r  to  a PDP 
11/73 computer system. The PDP 11/73 consisted of a 11/73 central  processing 
u n i t ,  1 Mb of memory, 20 Mb of hard disk, 1 Mb of floppy d isk ,  graphics 
terminal ,  and p r in te r .  This system provided automation of the experiment and 
allowed immediate storage, ca l ib ra t ion ,  and normalization of the data.  Four 
d ig i t a l  delay generators provided a l l  the necessary t r iggers  and timing 
sequences fo r  the lasers  and e lec tronics .
5. LASER INDUCED FLUORESCENCE STUDY OF THE B 2 B2  -  X 2 A2  TRANSITION OF THE 
FURAN CATION IN A SUPERSONIC FREE JET EXPANSION
5.1 MOTIVATION
Furan (C^H^O) i s  a five-membered aromatic ring which forms the base for  a 
se r ies  of heterocyclic compounds of Importance in biochemistry and synthet ic  
chemistry. Such aromatic substances are generally defined as homocyclic or 
heterocyclic  hydrocarbon compounds with s tructures  and chemical propert ies  
s imilar  to those of benzene40. Applications extend to a wide var ie ty  of 
areas,  including synthetic fuel products,  pharmaceuticals,  dye so lvents ,  
in se c t ic id e s ,  and coal conversion technology.4**4^
While spectroscopic information on the furan molecule i s  abundant4^-40, 
the  corresponding experimental data on the furan cat ion is e s sen t ia l ly  non­
e x i s t e n t .  In f a c t ,  the only experimental observations of the furan cation 
reported thus f a r  are 1 n e lectron spin resonance studies^*0 '®* and 
photoelectron s p e c t r a ^ - ^®. The f i r s t  were performed on matr ix- iso la ted  furan 
exposed to y - i r r ad ia t io n  a t  77K, where the 1ons are subject  to Intermolecular 
per turbat ions  due to implantation in the solid  low temperature matrix. The 
second were performed on gaseous furan a t  room temperature, but the reso lu t ion  
of the experiment was too poor to assign more than the e lec t ron ic  energy 
levels  and a few higher frequency vibra tions .  To date ,  no one has obtained a 
complete, well-resolved vibra tional  spectrum on any e lec tronic  s ta t e  of the 
furan ca t ion ,  and ro ta t ional  spectra have not even been attempted. This i s  
largely due to the f ac t  tha t  no one has been able to I so la te  t h i s  species in 
the gas phase in a low temperature environment.
From a theore t ica l  point of view, the furan cat ion is  a most in te re s t ing
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species .  I t  1s not only intimately rela ted to the furan molecule but is  also 
i soe lec t ron ic  with the cyclopentadlenyl radical  (C5 H5 ) and, as such, may be 
useful in gaining a be t te r  understanding of th i s  complicated system. Due to 
i t s  symmetrical D5h geometry, the ground s ta t e  of the cyclopentadlenyl radical  
is  e l e c t ro n ic a l ly  degenerate and therefore ,  in accordance with the Jahn-Teller  
Theorem^®, 1t d i s to r t s  to a lower symmetry 1n order to 11ft t h i s  degeneracy. 
The v ibra t ions  corresponding to the Jahn-Teller active modes become allowed in 
the spectrum of C5 H5  and the resu l t ing  energy levels  are highly anharmonic 
leading to a very complicated spectrum. In the furan ca t ion ,  th i s  e lec t ron ic  
degeneracy 1 s l i f t e d  due to the presence of an oxygen atom in the f lve -  
membered r ing .  The resu l t ing  C2v geometry leads to  a non-degenerate spin 
doublet ground s ta te  and a low lying f i r s t  excited (A) e lec t ron ic  s ta t e  at  
approximately 11,450 cm~* above it®*. An understanding of the ground s t a t e  
v ibra t ional  s t ruc tu re  1n C4 H4 0+, which will  natura l ly  be perturbed to  some 
extent  by the presence of th i s  low lying excited e lec t ron ic  s t a t e ,  may y ie ld  
some ins ight  in to  the Jahn-Teller e f fec t  in i t s  i soe lec tron ic  par tner  C5 H5 .
5.2 FORMATION AND IDENTIFICATION
5.2.1 FORMATION MECHANISM
The furan cat ion was formed via a two-photon Ionization of the furan 
molecule with 193 nm radia t ion  from an ArF exclmer l a se r .
C4 H4 0  + 2 hv -  C4 H4 0 + + e
Jr
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The photo lysls /photoionizat lon was performed 1.5mm, or 7.5 nd, downstream from 
the 200 nm o r i f i c e  1n the f ree  j e t  chamber, and pulse energies of 100-200 mJ 
were used. The prompt fluorescence given off  by the photolysis  process I t s e l f  
was extremely br ight  and could eas i ly  be observed v isua l ly  1 n our apparatus.  
The furan cation laser  Induced fluorescence signal did sa tu ra te  at  high la se r  
I n te n s i t i e s .  However, no signal loss  due to fragmentation caused by excessive 
la se r  pulse energies was observed. Further,  the LIF signal showed a two- 
photon dependence on laser  In tensi ty .  After formation, subsequent c o l l i s io n s  
with the supersonic j e t ' s  iner t  c a r r i e r  gas molecules cooled the ion 
ro ta t io n a l ly ,  t r a n s la t lo n a l ly ,  and, to a lesse r  ex tent ,  v ib ra t lo n a l ly .  This 
led to well-resolved exc i ta t ion  spectra  which were limited ch ie f ly  by probe 
la se r  l inewidth. Downstream from the j e t  nozzle,  t h i s  "cold" Ion was probed 
in the gas phase in a c o l l i s io n le s s  environment which was free from 
Intermolecular per tu rba t ions ,  which might have otherwise affected  the 
molecular s t ruc ture .
5.2.2 IDENTIFICATION OF THE ELECTRONIC ORIGIN
In Figure 15, we show the B + X exc i ta t ion  spectrum of the furan cation 
taken a t  low reso lu t ion  in the f ree  j e t  expansion. To e s ta b l i sh  24,675 cm- * 
as the o r ig in  of the e lec t ron ic  t r a n s i t io n ,  three experiments were 
performed. F i r s t ,  a wavelength resolved emission spectrum was recorded for  
exc i ta t ion  a t  24,537 cm- *, since t h i s  is  the pos i t ion  of the only subs tant ia l  
s t ruc tu re  located to the low frequency side of our proposed o r ig in .  This 
spectrum c lea r ly  revealed the presence of emission a t  a higher frequency than 
tha t  of the pumping la se r ,  indicat ing that  t h i s  s t ruc ture  is  a hot band. In
.
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FIGURE 1 5 .  L IT  E XC ITA TIO N  STECTRUM OF THE TURAN CATION
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addi t ion ,  t h i s  peak is  displaced from the proposed o r ig in  by 138 cm“*, which 
agrees well with a ground s ta te  frequency. This fu r ther  Indicates th a t  24,537 
cm- 1  1s a hot band. Secondly, LIF spectra were recorded in both helium and 
argon c a r r i e r  gases under experimental conditions tha t  were otherwise 
id en t ic a l .  Cooling of the species was typ ica l ly  more complete in argon than 
in helium. Therefore comparison of  scans taken in the two d i f f e re n t  gases 
f a c i l i t a t e d  the id en t i f ica t io n  of hot bands. In changing from argon to  
helium, the band a t  24,537 cm- 1  increased in In tensi ty  by a fac tor  of th ree ,  
i l l u s t r a t i n g  i t s  hot band nature. However, the Intensi ty  of our proposed 
or ig in  a t  24,675 cm"* decreased by 20%, which is expected 1f there 1s a loss 
of population in the v ibra tionless  level of the ground e lec t ron ic  s ta t e  due to 
Incomplete cooling of the species by the c a r r i e r  gas.  This indicates  tha t  our 
proposed o r ig in  is not a hot band. Thirdly, our LIF spectra  were extended to 
a point 1 0 0 0  cm- 1  lower than the proposed or ig in  without observing any fu r th e r  
s igna ls .  Since a number of fundamental frequencies 1n the excited s t a t e  are 
smaller than t h i s ,  absence of th e i r  harmonics within t h i s  region 1 s evidence 
tha t  24,675 cm"* is  in fac t  the o r ig in  of the e lectronic  t r a n s i t i o n .
5.2.3  IDENTIFICATION OF THE FURAN CATION AS THE CARRIER OF THE SPECTRUM
5.2.3.1  ELECTRIC FIELD PLATE AND JET HEATING STUDIES
Id en t i f ica t io n  of the species under invest igat ion as the furan cation is  
conclusive fo r  a number of reasons. E lec tr ic  f i e ld  p la te  s tudies  conducted at 
the photolysis  region in the f ree  j e t  chamber indicate the presence of a large 
number of pos i t ive ly  charged species in our source. These experiments were
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performed with a pa i r  of 1.5 x 3.0 x 0.3 mm f ie ld  p la te s ,  machined from stock 
aluminum. These were e l e c t r i c a l ly  isolated by mounting them on p lexiglass  
holders.  The pla tes  were separated by approximately 2 cm and positioned about 
the nozzle such tha t  the ArF photolysis occurred between them. To de tec t  
pos i t ive  charges ( i . e . ,  posit ive ions) ,  we used a Hewlett-Packard DC power 
supply (model 6209B) to  generate a DC voltage of -40 V on one of the f i e ld  
p la te s .  The other  p late  was grounded. This corresponded to an e l e c t r i c  f i e ld  
of -20 V/cm. The change 1n current induced by the creat ion of pos i t ive  
charges during the photolysis  was monitored by observing the change in voltage 
drop th a t  occured across the f i e ld  p la tes  with a Tektronix 2235 100 MHz 
oscil loscope.  This was accomplished by capacit ively coupling the signal and 
terminating 1t in to  a 1 Mn res is tance .  After exposing the vacuum chamber to 
furan and evacuating, a residual background signal of 10 mV was observed with 
a temporal full-width-at-half-maximum (FWHM) of 30 us. However, when the 
furan gas mixture was actually  being photolized 1 n the f ree  j e t  expansion, our 
signal increased to 200 mV with a FWHM of 100 ps. These s tudies  indicate  tha t  
a large  number of pos i t ively  charged species are created as a r e su l t  of the 
ArF lase r  photolysis of furan in a supersonic free j e t  expansion.
Addit ionally, subsequent c loser  inspection of the LIF peak at  27,759 cm- 1  
indicates  tha t  the species under Investigation 1 s in f a c t  the parent 1 on.
This was evidenced during an experiment in which the dye lase r  pos i t ion  was 
held fixed while the excimer lase r  posit ion was t ransla ted  f a r th e r  from the 
nozzle,  thereby increasing the separation between the photolysis region and 
the ex i t  o r i f i c e  of the free j e t  expansion. Typically,  the exdmer lase r  
pos i t ion  was t rans la ted  from 7.5 nd to a distance of 32.5 nd from the j e t  
nozzle.  This had the ef fec t  of dropping the density of c a r r i e r  gas molecules 
in the photolysis  region and d ra s t i c a l ly  reducing the number of two-body
k. .
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co l l i s io n s  th a t  could subsequently take place. For a fragment, photolysis  of 
the precursor molecule typ ica l ly  leaves i t  in terna l ly  excited with s ig n i f ican t  
population in higher lying ro ta t ional  and vibrational  leve ls .  Subsequent 
c o l l i s io n s  with c a r r i e r  gas molecules 1 n the f ree  j e t  expansion cool i t  by 
quenching these s ta te s  and the resu l t ing  "cold" species are probed by the dye 
la se r  downstream from the formation region. By increasing the nozzle-excimer 
l a se r  d is tance ,  the amount of time tha t  the species can be in contact with the 
c a r r i e r  gas "bath" before being probed by the dye laser  is  l imited and 
therefore  the number of cooling co l l i s ions  tha t  can take place su b s tan t ia l ly  
reduced. If  the species under Investigation were in f a c t  a fragment of the 
furan molecule, i t  should have exhibited ro ta t io n a l ,  and probably v ib ra t iona l ,  
heating as a r e s u l t  of decreasing the number of such cooling c o l l i s io n s .  
Observation of the resu l t ing  signal Indicated tha t  no appreciable Internal 
heating of the band was occurring. On the other hand, a parent ion formed by 
a dipole allowed, one or more photon ionizat ion from the ground s ta t e  of a 
"cold" molecule is  not expected to be affected by such a change in  co l l i s io n a l  
frequency, ra ther  i t  would remain In ternal ly  cold throughout, i . e . ,  cold 
molecules give r i s e  to cold parent ions because the ro ta t ional  quantum number 
J 1s preserved in the t r a n s i t i o n ^ .  This 1s the behavior tha t  we observe.
The band a t  27,759 cm“* was not s ign i f ican t ly  affected by decreasing the 
excimer-dye lase r  dis tance ,  and th i s  i s  good evidence th a t  the c a r r i e r  of the 
spectrum is  not a fragment molecule or 1 on but i s  indeed formed by ionizat ion  
of furan.
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5.2.3 .2 COMPARISON TO THE ABSORPTION SPECTRUM OF FURAN
The absorption spectrum of furan vapor recorded by Watanabe and 
Nakayama4^ exhib i ts  a sharp band at  191.5 nm. In addi tion,  there  is  a weak 
d if fuse  band with a broad maxima at  195.3 nm. These r e su l t s  were confirmed by 
P icke t t 4 4  and Price and Walsh4^. The sharp s tructure  a t  191.5 nm is  the most
pc
prominent band in the spectrum, and Herzberg6 3  l i s t s  i t  as the 0-0 band of 
the B e lec tronic  s ta te  of furan. This evidence indicates  tha t  the sp ec t ra l ly  
broad 193 nm output of our ArF excimer laser  i s  near-coincident with an energy 
level of furan, and therefore photoionization of furan may l ike ly  be a near 
resonant two-photon process in t h i s  instance. The multiphoton Ionizat ion of 
furan reported by Cooper e t  a l . 4^ supports th i s  conclusion. These workers 
recorded t im e-o f - f l igh t  mass spectra for  multiphoton Ionizat ion of furan a t  
376 nm (2 photons - 188 nm) and 550.5 nm (3 photons - 183.5 nm). For the 
former the dominant product 1 s by fa r  the parent 1 on, but for  the l a t t e r  the 
parent ion i s  e i th e r  not observed or only very weakly evident.  Ionizat ion at  
376 nm corresponds to  a three-photon process, involving a two-photon resonance 
(a t 188 nm) to the B s ta te  of furan followed by a one-photon absorption 
leading to Ionizat ion.
5 .2.3 .3 TIME-OF-FUGHT MASS SPECTROSCOPIC ANALYSIS
To confirm tha t  the 193 nm radia t ion does give r i s e  to  s ign i f ican t  
amounts of the furan parent cat ion,  we recorded a mass spectrum of the 1 on 
products re su l t ing  from the photo1on1zation/photolys1s of furan exposed to  193 
nm rad ia t ion  in a supersonic f ree  j e t  expansion. This experiment was carr ied
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out with the f a c i l i t i e s  of Dr. Trevor Sears a t Brookhaven National 
Laboratory. The experimental apparatus consisted of a double-fie ld  time-of- 
f l i g h t  mass spectrometer of the type described by Wiley and McLaren . The 
r ep e l l e r  p la te  voltage was +50 V and served to push the pos i t ive ly  charged 
species in to the f l i g h t  tube. At th i s  point ,  a f l i g h t  tube f ie ld  p la te ,  
biased a t  -600 V, accelerated the various masses a t  d i f f e ren t  r a te s  so th a t  
t h e i r  a r r iv a l  times at the detector  could be d is t inguished,  and hence th e i r  
masses resolved.  Additionally, the mass spectrometer was equipped with an
Cft
"elnzel" lens , which served to "focus" the d i f fe ren t  mass bunches by 
reducing th e i r  spa t ia l  extent  and thereby increasing the resolving power of 
the  Instrument.  The r e su l t s  of our mass spectroscopic analysis  are 
I l l u s t r a t e d  in Figure 16 for  a nozzle-excimer lase r  dis tance of  1.3 mm, or 6.5 
nd. As suspected, the most prominent mass peak corresponds to t h a t  of the 
furan cat ion .  Contributions due to  smaller fragment ions are also present  but 
in much smaller q uan t i t ie s .  This demonstrates conclusively tha t  there  are 
large  amounts of furan cation in our source. Further,  the same spectrum 
recorded with KrF lase r  (248 nm) photolysis  showed a l e sse r  y ie ld  of C4 H4 0+, 
indicat ing th a t  the 193 nm photoionization 1s an enhanced process.
5 .2 .3 .4  PHOTOELECTRON SPECTRUM OF FURAN
The term value Tqq obtained for  the B + X e lec t ron ic  t r a n s i t io n  in the 
furan cat ion corresponds to  an excited B e lec t ron ic  s ta t e  lying 3.07 eV above 
the ground s t a t e .  This d i f f e r s  dramatically from e a r l i e r  values reported by 
Derrick e t  a l . 5^ and Eland5 2  from photoelectron spectra  of the furan 
molecule. Eland's value of 13.06 eV for  the ve r t ic a l  ionization poten t ia l  of
NO
RM
AL
IZ
ED
 
SIG
NA
L 
ST
RE
NG
TH
MS of furan in Ar 
Nozzle -Excimer: 5nd 
Ar F Laser, IS3nm5 0 CH C,H
CJH
100
Time of Flight
FIGURE 1 6 .  T IM E -O F -F L IG H T  MASS SPECTRUM OF THE IO N PRODUCTS RESULTING FROM THE PHOTOLYSIS OF FURAN
ooCP
8 6
furan to the B s ta t e  of the 1on 1s 4.16 eV above the 1on1c ground s ta t e  which 
l i e s  a t  8.90 eV. This disagrees from our origin by 1.09 eV and obviously 
indicates  tha t  the ver t ica l  and adiabatic ionization po ten t ia l s  are not the 
same in t h i s  instance. However, in the same paper,  Eland reports  a value of 
12.66 eV for  the B s ta te  adiabatic  ionization potential  as wel l .  This i s  3.76 
eV above the ground s ta te  of the cat ion and is  also in disagreement with our
findings and by a surpris ingly large amount. In f a c t ,  1t l i e s  0.69 eV ( i . e . ,
1 5*35565 cm !) higher than our o r ig in .  Derrick e t  a l .  report 13.0, 12.6, and
8.87 eV for  the ionizat ion po ten t ia ls  discussed above, which are very s imilar
to Eland's r e s u l t s .  In addit ion,  theoret ica l  ca lculat ions  on the
photoelectron spectrum of furan disagree even more widely with the term value
tha t  we have obtained. Two MS-SCF-Xa calculat ions of Alti e t  al.®® predicted
values of 13.73 and 15.37 eV for  the th i rd  ionization potent ia l  of furan
( i . e . ,  the B s ta t e  of the cat ion) .  Further, ab I n i t io  Koopman's theorem
calcu la t ions  reported 1n the same paper predict a s imilar  r e su l t  of 14.74
eV. Using the values of 8.22, 9.10, and 9.06 eV, calculated for  the f i r s t
ioniza t ion  potentia l of furan, these theore t ica l  r e su l t s  are found to be in
e r ro r  by 2.44, 3.20, and 2.61 eV, respect ively .  These huge discrepancies
indicate  the need for  fu r ther  theore t ica l  invest igat ion into the nature of
th i s  important ion.
Due to  the large differences  between our r e su l t s  and those previously 
reported,  we f e l t  i t  necessary to  perform a separate photoelectron 
spectroscopic study of furan to  confirm our assignment. Subsequent spectra  
obtained on an effusive source a t  the National Synchnotron Light Source (NSLS) 
a t  Brookhaven National Laboratory®® indicate the presence of a small pedestal 
on the low frequency side of the previously reported large s t ruc tures  
beginning near 13 eV. This is  i l lu s t r a t e d  in Figure 17. Closer inspection
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reveals  tha t  t h i s  pedestal begins at ~ 3.07 eV above the ground s t a t e  of the 
ion. This corresponds exactly with our r e s u l t .  Therefore we are confident in 
our assignment of the electronic  o r ig in .  The B and higher e lec t ron ic  s ta te s  
of the furan cation appear as a very broad peak in the photoelectron spectrum 
of furan.  In comparison to  the X and A s t a t e s ,  t h i s  peak 1s r e l a t iv e ly  
s t ru c tu re le s s ,  lacking any well-resolved vibra tional  s t ru c tu re .  These fac tors  
would lead one to  believe tha t  the potentia l curves fo r  the X and B s ta te s  are 
quite  d iss im i la r  and th a t  the Franc-Condon overlap between th e i r  v ib ra t ion less  
levels  might not be large.  Therefore, as seems to be evident 1n th i s  
instance ,  the r e su l t s  of photoelectron spectra  could be misleading 1 n 
determining an accurate value for  the origin  of th i s  e lec t ron ic  t r a n s i t i o n ,  
since the ad iabat ic  and ver t ica l  ionizat ion po ten t ia ls  would not be the 
same. In th i s  case, the photoelectron spectrum would show much stronger 
s ignals  fo r  ver t ica l  t ra n s i t io n s  to  higher vibra tional levels  and the peaks 
would be slewed toward the high frequency side of the true o r ig in ,  
making d i f f i c u l t  to  iden t i fy .  In addit ion, our s tudies  of the wavelength 
resolved emission of the prompt fluorescence, i . e . ,  the emission resu l t ing  
from the photolysis /photolonizat lon process,  do 1 n fa c t  indicate  t h a t  the 
Franc-Condon overlap for  the Vqq t r a n s i t io n  1s small.  Peaks are observed for  
frequencies up to  31,450 cm“ *, corresponding to  the upper l im i t  of the amount 
of e xc i ta t ion  energy tha t  the absorption of two 193 nm photons (2 x 6.4 eV = 
12.8 eV) can provide to  the furan cation in excess of the f i r s t  ionization 
l im i t  of i t s  parent molecule (8.9 eV). Inspection of the spectra  c lea r ly  
reveals  tha t  the signal s trengths recorded near the or ig in  are markedly weaker 
than those observed for  higher vibra tional  leve ls .  Further,  the i n t e n s i t i e s  
present 1n the LIF exc i ta t ion  spectra are spread over a large frequency region 
and also i l l u s t r a t e  the same general in tens i ty  pat tern  as discussed above.
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This i s  in complete agreement with our expectations and is  cons is tent  with the 
in tens i ty  d i s t r ibu t ions  reported in the photoelectron spectrum of furan for  
the B s t a t e  of the ca t ion.  The fac t  tha t  we observe the vqq t r a n s i t i o n ,  while 
ear ly  photoelectron spectroscopists did not, i l l u s t r a t e s  the Increased 
s e n s i t i v i t y  of our apparatus and the ef fec ts  of probing "cold" Ions.
5.3 VIBRATIONAL STRUCTURE
5.3.1 INTRODUCTION 
In determining the nature of the observed vibra tions  of the furan cat ion ,  
a number of resources have been found to be useful .  F i r s t  of a l l ,  i t  is  
benefic ial to consider the vibrational frequencies of the parent molecule, 
since fo r  some s ta t e s  they may be quite similar to those of the cat ion.  This
Cl
has been es tablished for  molecules possessing aromatic character01, such as 
furan, and is  possibly due to the fact  th a t  the ionized electron i s  strongly 
delocal ized.  Therefore knowledge of a vibrational  frequency in the neutral 
molecule can be of assis tance in Identifying tha t  vib ra tion in the cation.  
Secondly, analysis  of vibrational  data on Rydberg s ta te s  of furan obtained 
from multiphoton ionization is d i rec t ly  applicable.  This is  t rue  because the 
vibra t ional  frequencies present 1n excited Rydberg s ta t e s  of furan,  lying 
close to the f i r s t  ionizat ion threshold, are converging onto those of the 
ground s ta t e  of the furan cat ion. And th i rd ly ,  vibra tional  data obtained from 
photoelectron spectroscopy should be approximately correct  although the 
reso lu t ion  i s  quite low.
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5.3 .2  GROUND STATE VIBRATIONAL FREQUENCIES OF THE FURAN MOLECULE
The frequencies observed in the ground s ta te  of the furan molecule show 
grea t  s im i la r i t i e s  to  those ident i f ied  in the lase r  excited wavelength 
resolved emission (WRE) spectra  of the furan cat ion.  Thompson and Temple , 
Bak e t  a l . 4®, P icket t44*45, and Rico e t  a l . 4 7  have obtained Infrared and Raman 
spectra  of furan and th e i r  assignments are presented 1n Table 3. The furan 
molecule and cat ion both have Cgv symmetry and possess 2 1  normal modes of 
v ibra t ion .  These can be c la s s i f ie d  according to t h e i r  symmetry p ro p e r t ie s ,  as 
1s also presented in Table 3.
5.3.3  GROUND STATE VIBRATIONAL FREQUENCIES OF THE FURAN CATION
5.3.3 .1  WRE SPECTRA OF THE FURAN CATION AND COMPARISON TO THE 
FURAN MOLECULE
Wavelength resolved emission (WRE) spectra for  exc i ta t ion  a t  24675,
25038, 25440, 25525, 25759, 25861, 26340, and 27441 cm' 1  are presented in 
Figures 18, 19 and 20. The excita tion frequencies correspond to a l l  the 
fundamentals th a t  we have assigned in the excited e lectronic  s t a t e .  A summary 
of the r e s u l t s ,  including frequencies (v),  displacements from the exc i ta t ion  
frequency (A\>), and r e la t iv e  i n t e n s i t i e s ,  is  presented in Tables 4 and 5. The 
ground s ta t e  frequencies occurring 1 n d i f fe ren t  spectra  are qui te  s im i la r .  
Average values are computed for  the eight spectra  and presented 1n Table 6  
along with probable assignments. (Note: All standard deviat ions are well 
within the experimental resolut ion of the monochromator.) The peak at  1285
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TABLE 3 .  1R AND RAMAN SPECTROSCOPY OT THE GROUND S I A l t  W  DIE TURAN MOLECULE
C l a s s Thompson and  l e m p le ? ^ Bak e t  a l . ?3 IM cke tL 6 R ic o  e t  a I . 9
A1 724994
1067
1137
1381
1486
(3 0 9 0 )
(3 120 )
720
995
1067
1140
1384
1490
3124
3124
725
1073
1189
1387
1490
1264
871
995
1066
1140
1384
1491
3140
3167
A2 550
660
1030
613
728
863
B1 872
1270
1579
(3 090)
(3 1 2 0 )
874
1181
1268
1460
1586
3163
3163
624
999?
1580
603
1180
1267
1040
1556
3129
3161
B2 605744
837
601
744
838
763
872
603
745
838
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FIGURE i n .  WRE SPECTRA FOR EXC11ATION AT 2 4 6 7 5 ,  250311, and 254JO CM-1
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FIGURE 19. WRE SPECTRA TOR EXCITATION AT 2 5 5 2 5 , 2 5 7 5 9 , AND 25861 C lH
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FIGURE 2 0 . WRE SPECTRA TOR EXCITATION AT 2 6 3 4 0 , 2 6 3 4 0 , AND 27441 C M '1
1 0 0 -
7 5 -
5 0 -
2 5 -
0 -
5 0H
Pump 26340 cm - 1
2 5 -
r~i—i— r*-r^T
2 3 0 8 6  2 5 0 8 6
FREQUENCY, c m '1
Pump 2 6 3 4 0  cm"1
0 -
100-
7 5 -
50-]
2 5 -
0 - '
— r - r — t - ^ r - T - T - T ' - r  - i  r
18737 2 0 7 3 7
FREQUENCY, c m " '
Pump 27441 cm "1
( o )
( t > )
(c)
»«f| — iMj1 iW
2 4 0 9 5  2 6 0 9 5  2 8 0 9 5
F R E Q U E N C Y ,  c m ' 1
95
TABLE A . WRE OATA FOR EXCITATIO N AT 2 4 6 7 5 , 2 5 0 3 B , 2 5 4 4 0 ,  AND 2 5 5 2 5  CM-1
u . Am. R e l a t i v e  v '  Av. R e l a t i v e
(cm ) (cm- ) I n t e n s i t y  (cm* ) (cm* ) I n t e n s i t y
(1 )  24 675 cm "1 e x c i t a t i o n (2 )  25 038 cm"1 e x c i t a t i o n
24 675 0 100 25 038 0 36
24 542 133 61 24 907 131 95
24 380 295 23 24 753 285 100
24 203 472 9 24 589 449 77
24 O i l 664 3 24 391 647 28
23 823 852 2 24 184 854 9
23 614 1061 1 23 958 1080 3
23 454 1221 6 23 636 1402 10
23 247 1428 1 23 458 1580 3
23 091 1584 1 23 273 1765 3
21 107 3568 1 21 022 4016 3
20 654 4021 2 20 965 4073 2
20 577 4098 4 20 864 4174 3
20 476 4199 3 20 717 4321 6
20 347 4328 2 20 564 4474 7
20 191 4484 1 20 392 4616 3
20 106 4569 0 . 2 20 218 4820 2
20 041 4634 0 . 4
( 3 )  25 440 cm '*  e x c i t a t i o n (4 )  25 525 cm*1 e x c i t a t i o n
25 440 0 38 25 525 0 48
25 305 135 87 25 395 130 89
25 159 281 15 25 248 277 64
24 990 450 67 25 077 448 94
24 804 636 100 24 896 629 100
24 603 837 73 24 699 826 83
24 393 1047 33 24 475 1050 54
24 152 1288 9 24 244 1281 22
24 031 1409 4 24 121 1404 5
23 9 1 6 1524 2 23 999 1526 8
23 848 1592 3 23 942 1583 5
23 667 1773 5 23 760 1765 8
23 473 1967 3 23 547 1978 3
23 256 2184 2 23 486 2039 2
21 431 4009 3 23 354 2171 4
21 367 4073 2 23 164 2361 2
21 267 4173 1 21 441 4084 2
21 137 4303 1 21 340 4185 3
20 991 4449 2 21 218 4307 2
20 825 4615 6 21 066 4459 5
20 632 4808 5 20 903 4622 6
20 717 4808 5
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TABLE 5 . WRE DATA TOR EXCITAIION Al 2 5 7 5 9 ,  25861 ,  2 6 3 4 0 , AND 27441 CM"
« 1 
(cm"1) (cm*1)
R e l a t i v e
I n t e n s i t y
v  i Av.
(cm- 1 ) (cm )
R e l a t i v e
I n t e n s i t y
( 5 )  25 759 cm- '  e x c i t a t i o n (6 )  25 861 cm- '  e x c i t a t i o n
25 769 0 19 25 861 0 12
25 634 125 8 25 728 133 83
25 477 282 3 25 577 284 55
25 296 463 3 2 5 396 465 57
24 533 1226 100 25 008 853 65
24 348 1411 20 24 797 1064 100
24 171 1588 8 24 565 1296 60
23 980 1779 2 24 457 1404 3
23 331 2428 7 24 332 1529 26
23 094 2665 2 24 273 1588 4
22 128 3631 1 24 092 1769 8
21 738 4021 1 23 86B 1993 2
21 658 4101 2 23 828 2033 2
21 546 4213 2 23 648 2213 4
21 421 4338 1 23 415 2446 2
20 495 5264 11 23 193 2668 1
20 390 5369 5 23 048 2813 1
20 266 5493 3 22 433 3428 1
20 123 5636 1
( 7 )  26 340 cm- '  e x c i t a t i o n (8 )  27 441 cm- '  e x c t t a t Ion
26 340 0 30 27 441 0 2
26 202 138 14 27 306 135 1
26 045 295 6 25 005 2436 100
25 870 470 2 24 780 2661 8
25 690 650 1 24 557 2684 1
25 111 1229 100 22 172 5269 3
24 940 1400 24
24 755 1585 6
24 542 1798 1
23 902 2438 2
22 308 4032 9
22 233 4107 34
22 135 4205 20
22 008 4332 10
21 859 448 L 4
21 688 4652 2
21 500 4840 1
IB 321 8019 1
18 224 8116 3
18 115 8225 3
18 004 8336 1
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IABLE 6 .  VIBRATIONAL ASSIGNMENTS TOR Tilt GROUND S1AIE OF THE TURAN CATION
v (cm A ss ignm en t v  (cm- *) A ss ig n m e n t
133 *1 2433 z *7 o r  *14
2 8 / *2 2667 v 12^ 4 o r  v u
A 59 *3 4022 2 v12 o r  * * 7+*10
644 *4 4088 *14**9
846 v5 4191 *14+*7+*2
1068 u6 4323 *14+W * 1
1225 *7 4473 u, 4+vy2*2
1285 ? u 4 4635 *14+*7+ *2**3
1409 *9 4823 *14+' , 7*u2 * v4
1525 *7+*2 5017 * 1 4 '* 7 +*2+* l +*5
1585 *10
5 2 4 / *]4^*7**2**l+*6
1776 *11 5464 u1442w7+v2+v1
1982 5662 *14+*7**2+* l + *5**4
2034 ' , 10 ' *3 o r  *12 8019 4 v m  o r  4vy*2\»10
2192 u 12 . » ,  Or u j ^
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cm- 1  probably corresponds to the class  Bj, C-H deformation previously reported 
a t  1270 cm" 1  in the furan molecule. Guthrie e t  a l . 5 2  have suggested th a t  th is  
is  the f i r s t  overtone of an fundamental lying a t  - 640 cm-1 . Our data 
ind ica tes  th a t  th is  peak is  indeed a f i r s t  overtone but ra th e r  of a to ta l ly  
symmetric Aj fundamental lying a t  644 cm- 1 . There i s  l i t t l e  doubt th a t  our 
peak a t  1068 cm- 1  corresponds to the c lass  A^, C-H deformation lying a t  1067 
cm" 1 in the molecule. The mode we 11st at 1225 cm" 1  probably corresponds to 
the c la ss  A^, C-H deformation assigned as 1137 cm” 1  1n furan. This
fundamental is  located a t  1237 cm" 1 in pyrro le , which has a s im ilar  geometry
an 1to  furan . The c lass  Aj, ring mode reported at 1381 cm qu ite  l ik e ly
corresponds to  the peak we report a t  1409 cm"1. However, i t  should be noted
th a t  t h i s  band can also  be explained as a combination of o ther frequencies as
w ell. There 1s excellen t correspondence between our peak a t 1585 cm" 1  and the
Bj, ring mode assigned to  1579 cm" 1  in the molecule. However, t h i s  would
Imply th a t  the previous assignment was 1 n e rro r  as to  the symnetry c lass  of
the mode since 1t would appear necessary th a t  1t be Aj. Again, i t  should be
noted th a t  th i s  peak is  also explainable 1n terms of a combination band. Our
peak a t  846 cm- 1  agrees well with the 8 2 * C-H deformation lying a t  846 cm" 1  in
the molecule, but may also be the to ta l ly  symmetric ring mode reported a t  994
cm"1. In addition , the peak a t 644 cm" 1  may correspond to  the c lass  A1# ring
mode a t  724 cm- 1  in the parent molecule. P ickett 4 4  reports  observing a weak
band a t  465 cm" 1 but does not assign i t .  This agrees well with the peak th a t
1 48we observe a t  459 cm . In addition , e i th e r  Thompson and Temple ,
P ick e tt44,45, or both, report bands a t 1995, 2040, 2200, 2445, 2680, 4060,
4185, 4360, 4486, and 5032 cm"1. All of these agree quite  well with the
r e s u l t s  l i s te d  in Tables 4 and 5 for the present study.
Our r e su l ts  agreed so well with the furan molecule, th a t  we f e l t  i t
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necessary to confirm th a t  we were not in fa c t  observing the t r i p l e t  system of 
the molecule. F lick e r ,  Mosher, and Kuppermann®^ report th a t  the f i r s t  t r i p l e t  
s ta te  of furan l i e s  3.99 eV above the s in g le t  ground s ta t e .  This agrees 
q u a l i ta t iv e ly  with the ca lcu la tions  of Solony, B irss ,  and Greenshlelds®** and 
Sallavanti and Fitts®® which pred ic t th i s  s ta te  to  l i e  a t  4.17 and 4.33 eV, 
resp ec tiv e ly .  In addition , i t  does not d i f f e r  appreciably from the location 
of the f i r s t  t r i p l e t  level in benzene, i . e . ,  3.95 eV®®. In order to  v isu a lize  
how "bottlenecking" in to  the t r i p l e t  system could occur, one would have to 
assume th a t  the furan molecule absorbs only one 193 nm photon, which 
corresponds to 6.4 eV. This i s  true  because the f i r s t  ion ization  po ten tia l  of 
the furan molecule l i e s  a t 8.89 eV, and consequently the absorption of more 
than one 6.4 eV photon would lead to ion ization . The molecule would then have 
to  be in an excited s in g le t  s ta te  which e i th e r  c o lH s io n a lly  deactiva tes  or 
In te rn a l ly  couples to  a nearby t r i p l e t  lev e l .  Assuming th a t  the molecule 
absorbs only one 6.4 eV photon, the excited t r i p l e t  level should be located a t  
approximately 6.4 eV above the ground s in g le t  s ta te .  I t  would then also l i e  
approximately 2.4 eV above the ground t r i p l e t  s ta te .  If  bottlenecking in to  
the t r i p l e t  system were occurring in th i s  manner, i t  should be possib le  to 
observe the t r i p l e t  fluorescence in the photolysis/photo ionization  region. 
Subsequent wavelength resolved emission spectra  show no evidence fo r  
t r a n s i t io n s  lying near 19,356 cm- *, i . e . ,  2.4 eV, other than C2  fragment 
f luorescence. However, there  is abundant evidence fo r  t ra n s i t io n s  in the
24,000 - 28,000 cm"* region with peaks corresponding p rec ise ly  to  the LIF 
frequencies reported 1n th is  paper. This ind icates  th a t  we are in f a c t  
probing the same e lec tro n ic  t ra n s i t io n  th a t  is  being excited by the photolysis  
la s e r .  Since i t  1s energe tica lly  Impossible for th i s  spectrum to  a r is e  from 
t r i p l e t  system emission following the absorption of one 193 nm photon, we
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conclude th a t  th is  evidence, coupled with the arguments presented e a r l i e r  in 
th is  sec tio n , Indicate th a t  the c a r r ie r  of our spectrum 1 s the furan cation  
and not the furan molecule.
5 .3 .3 .2  COMPARISON TO PHOTOELECTRON AND MULTIPHOTON IONIZATION 
SPECTRA OF FURAN
CO
In Table 7, we present the re su l ts  of Derrick e t  a l .  for photoelectron 
spectroscopic investigations of furan, 1 n which v ibra tional frequencies were 
reported fo r  the ground s ta te  of the cation which l ie s  a t  8.9 eV, the low- 
lying f i r s t  excited s ta te  of the cation at 10.3 eV, and a very high-lying 
excited s ta te  a t  17.3 eV. In addition , we have Included the r e su l ts  of Cooper 
e t  a l . ^  fo r  the multiphoton Ionization of furan, 1 n which v ibrational 
frequencies are reported for a number of high-lying Rydberg se r ie s  in the 
molecule. In cases where two s im ilar  frequencies are reported fo r  the same 
lev e l,  averages were computed to y ie ld  the values presented in the ta b le .  
Cooper e t  a l . ^  are the only investigators  we have found who report a peak 
corresponding to  the 133 cm" 1  mode th a t  we consis ten tly  observe in the ground 
s ta te  of the furan ca tion . They report a peak a t  140 cm"1. In addition , 
there  i s  good agreement between the v ibra tions th a t  they observe a t  457, 625, 
854, 1089, and 1400 cm- 1 , and the ones we report a t  459, 644, 846, 1067, and 
1409 cm-1 . In comparison to the photoelectron spec tra , a l l  three frequencies 
reported for the ground s ta te  of the furan ca tion , I . e . ,  839, 1073, and 1420 
cm"1, are qu ite  s im ilar  to  those we report a t  846, 1067, and 1409 cm- 1 . 
According to  the assignments of Derrick®’1, these are a l l  c lass  A^  
v ib ra tio n s .  The f i r s t  and la s t  are ring modes. The second is also
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TABLE 7 .  P1IOTOELECTRON AND MULTIPIIOTON IONIZATION SPECTROSCOPY OF FURAN
P h o t o e l e c t r o n  S p e c t r o s c o p y M u l t lp h o lo n i I o n i z a t i o n
8 . 9  ev 1 0 .3  eV 1 7 .3  eV R(ns) R(np) R(nd) R ( n f ) 54509 cm” 1
(cm- 1 ) (cm- *) (cm- 1 ) (cm” 1) (cm "1) (cm- 1 ) (cm "1) (c m "1)
140
432 457
537 625
784 798
839 871 859 854 866 862
952 960
1073 1024 1093 1051 1088 1093 1104
1355 1400 1392 1421
1420 1452 1441 1440
-2900
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t e n ta t iv e ly  designated as a ring mode, but th is  disagrees with our e a r l i e r  
assignment of the v ib ra tion  as a C-H deformation. The e a r l i e r  r e s u l t  was 
based on excellen t agreement with the ground s ta te  frequency of 1067 cm'* 1n 
the furan molecule and 1 s believed to  be co rrec t .
5 .3 .3 .3  DISCUSSION OF LOW FREQUENCY VIBRATIONS
The large number of v ibra tional levels  in the ground s ta te  of the ion 
with energies less  than 1 0 0 0  cm"* above the v ib ra tlo n less  level i s  co n s is ten t  
with the observation of Cooper e t  a l . 4 2  on the Rydberg s ta te  of the n e u tra l .  
However, few 1f any of these v ibra tional levels  were observed by P ic k e t t 4 4  in 
the VUV absorption spectrum of furan. The neutral molecule does not possess 
any v ib ra tiona l fundamental frequencies lower than 550 cm and the 
observation of these apparently low frequency modes 1 n the ion needs to  be 
explained. One possible explanation is  tha t we are observing t r a n s i t io n s  to 
levels  co rre la tin g  with v ibra tions of Bg symmetry in the neutral molecule.
9 oThese v ib ron ica lly  couple the ground and f i r s t  excited B2  e le c tro n ic  
s ta te s  v ia  a pseudo Jahn-Teller in te rac tion  re su lt in g  in a lowering of the 
v ib ra tio n a l  frequency in the ground s ta te  and a highly anharmonlc se r ie s  of 
v ib ra tiona l spacings. The t ra n s i t io n s  to  some of them would be allowed since 
the to ta l  (vibronic) symmetry would be co rrec t .  (Note: A band a t  450 cm"* is  
seen weakly in UV absorption by P ickett44.)
Thus f a r ,  a l l  bands unexplainable in terms of combination bands have been 
discussed except those lying a t  287 and 1776 cm"*. The f i r s t  l i e s  154 cm"* 
above the peak a t  133 cm"* and 1s therefore  unlikely  to  be a second harmonic 
of t h i s .  Hence, i t  is  probably a fundamental v ib ra tion  as well and may be
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explainable in terms of the mechanism discussed above. The l a t t e r  peak may be
a c lass  A} fundamental I t s e l f  or perhaps a second harmonic of an asymmetric
-1  dftmode lying near 8 8 8  cm . Thompson and Temple report such a v ib ra tion  in
the neutral molecule a t  872 cm- * as a class Bj, C-H deformation.
5 .3 .4  EXCITED B STATE VIBRATIONS OF THE FURAN CATION
5.3 .4 .1  EXCITATION SPECTRUM
An exc ita t ion  spectrum for the B -► X of the furan cation  is  presented in 
Figure 15. A l i s t  of frequencies and assignments 1s given 1n Table 8 . 
Fundamentals lying a t  363, 766(792), 849(810), 1084, and 1186 cm- * are 
id e n t i f ie d .  Further, modes a t 1665 and 2765 cm- 1  are te n ta t iv e ly  proposed. 
Id e n tif ic a t io n  of these fundamentals was based on the observation of higher 
harmonics and combinations of these frequencies. In addition , comparison of 
wavelength resolved emission (WRE) spectra for d if fe re n t  members of a 
progression show marked s im i la r i t ie s  in th e i r  re la t iv e  In te n s i t ie s  and 
v ib ra tional frequencies. While progressions in the fundamental frequencies, 
766 and 849 cm- *, are c lea r ly  id e n t i f ia b le ,  they appear to  be sh if ted  due to  a 
possible Fermi resonance in te ra c t io n .  Therefore, we have presented a second 
value in parentheses fo r  each of these , which corresponds to  averaging the 
f i r s t  two harmonics of each v ib ra tion . No harmonics of the 363 cm- * mode have 
been observed, but i t  is  seen in combination with other frequencies. The peak 
a t  25,861 cm- * was f i r s t  thought to  be a combination of 363 cm- * with the 
25,525 cm- * peak, since no higher harmonics could be found. However, i t  
ac tua lly  l i e s  336 cm- * away from th is  line and, based on th i s  discrepancy, we
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TABLE 8 .  L1F EXCITATION DATA fOR THE B ELECTRONIC STATE OF THE FURAN CATION
V
(cm- 1 )
A v 
( c m '1 )
Ass ignment V
( c m '1)
Aw
( c m '1)
Assignment
24 537 -138 Hot Band 27 340 2665 2 V v4
24 675 0 Or1g In 27 379 2704 2 ', 3+u4
25 038 363
U 1
27 441 2766
I
uj o r  2 « j
25 440 765 *2 27 617
2941 2 v4 +v2
25 525 849 *3 27 701 3026 2 W V 1
25 759 1084 y4 27 759 3084 4vz
25 861 1186 v5 27 807 3132 V * i
26 123 1448 V ui 2 /  890 3214 4v3
26 259 1584 2 « 2  or ug 27 924 3249 2 « fi o r  3«4
26  295 1619 2 v3 28 100 3425 3 w2+v,4
26 340 1665 u6 28 215
3540 V w 2
26 529 1854 V v4 28 286 3611 2 V vl
26 612 1936 “3* “4 28 490 3815 5 v2
26 694 2019 V U 1 28 634 3959 4v3 +v2
26  840 2165 2 *4 28 693 4018 2 v6 +v2
26 948 2273 V w4 28 786 4111 2 ' l2 f 2 u 44 W1
27 017 2342 3 v2 28 828 4153 4y2+«4
27 086 2411 3v3 29 174 4499 3«2 +2v4
27 169 2494 V « 3 29 213 4538 6 v2
27 208 2533 2 vfl+0 j
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have te n ta t iv e ly  assigned i t  as a fundamental mode lying a t  1186 cm"1. This 
would co rre la te  well with the ground s ta te  mode a t 1225 cm"1. The s tru c tu re  
of the r e la t iv e  in ten s ity  pa tte rn  and the v ibra tional frequencies in the WRE 
spectra  for ex c ita t io n  a t  25,759 cm" 1 are s tr ik in g ly  d i f fe re n t  from th a t  of 
most o thers ,  and hence th i s  "signature" made the id e n t i f ic a t io n  of the 1084 
cm" 1  mode and i t s  higher harmonics quite easy. This assignment accounts fo r  
a l l  observed WRE spectra  of th is  type except one. The peak a t 26,340 cm- 1  has 
th is  s tru c tu re  as well and 1s not a combination band involving the 1084 cm" 1 
mode. Therefore we have te n ta t iv e ly  assigned 1t as a fundamental a t  1665 
cm"1. I t s  second harmonic coincides with the th ird  harmonic of the 1084 cm" 1 
mode a t  the 27,924 cm- 1  peak. However, c loser  inspection of th is  peak shows 
c le a r  evidence th a t  i t  1s composed of more than one peak. The absence of a 
Fermi resonance at th i s  point is  an Indication th a t  the two v ib ra tions  have 
d i f fe re n t  symmetry. This would f i t  n icely , since the 1665 cm" 1  mode 1s a lso  
explainable in terms of a second harmonic of an asymmetric v ib ra tion  lying a t 
833 cm"1. Rico e t  a l . 4 7  report a ground s ta te  fundamental in the furan 
molecule lying a t  838 cm"1. One fu rth e r  assignment 1s based on WRE spectra  
obtained for ex c ita t io n  at 27,441 cm"1. As i l lu s t r a te d  in Figure 20, i t  has 
the same s tru c tu re  as is  c h a ra c te r is t ic  of the 1084 cm" 1  mode. Nonetheless, 
the f i r s t  strong peak in the WRE spectrum occurs a t  2436 cm" 1  ra th e r  than 1225 
cm"1. In add ition , combinations of 363 and 766 cm" 1  with th i s  l in e  are 
c le a r ly  id e n t i f ia b le .  These assignments were confirmed by the WRE spectra  
corresponding to ex c i ta t io n  a t these frequencies, which showed sim ilar  
r e la t iv e  in te n s i ty  pa tte rns  and v ibrational frequencies to  the WRE spectrum 
fo r  ex c ita t io n  a t  27,441 cm"1. Therefore, we have te n ta t iv e ly  assigned th is  
peak as a fundamental lying a t  2765 cm"1. However, i t  may ac tu a l ly  be the 
second harmonic of an asymmetric v ibra tion  lying a t  1383 cm"1. Thompson and
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Temple4®, Bak e t a l . 4®, P ickett44, and R1co e t a l . 4 7  report a v ib ra tion  1n the 
ground s ta te  of furan th a t  corresponds precise ly  with th i s .  They have 
assigned 1t as a to t a l ly  symmetric A} v ibra tion . In comparison, 1t 1s 
In te res tin g  to note th a t  Derrick e t  a l . 6® observe peaks at 1355 and 1400 cm- * 
for the 10.3 eV and 17.3 eV s ta te s  of the cation , respec tive ly , in the 
photoelectron spectrum of furan. Cooper e t  a l . 4 2  observe a peak a t  1392 cm- 1  
in the R(np) Rydberg se r ie s  of furan as well, and we observe a ground s ta te  
v ib ra tion  a t 1409 cm- * in the furan cation.
5 .3 .4 .2  ELECTRONIC STATE SYMMETRIES
We have reported the symmetry of the B s ta te  of the furan cation  to 
be 2 B2 . This is  consis ten t with the ca lcu la tions  of Clark6 7  but d lsasgrees
with the r e su l ts  of Derrick e t a l . 6 4  and A lt1 e t a l . 6®, who claim i t  to
2 ? be Aj. All th ree calcu la tions  agree tha t  the X s ta te  has A2  symmetry. If
2the B s ta te  had A1  character ,  e le c t r ic  dipole t ra n s i t io n s  between 1t and
2
the A2  ground s ta te  would be e lec tro n ica lly  forbidden. I f  our assignment of
the B -* X tra n s i t io n  of C4 H4 0+ is  co rrec t ,  then we require  the upper s ta te  to
2
have B2  charac ter ,  since our re su l ts  show th a t  the e lec tron ic  t r a n s i t io n  is
allowed. Further, despite extensive e f fo r ts  to  observe signals from
the B + A tra n s i t io n  in the lase r  excited, wavelength resolved emission from
the B s ta te ,  none were found, indicating th a t  th is  t ra n s i t io n  is forbidden. 
This i s  consl 
1on.54.59,67
2
s is ten t with the expected B^  symmetry of the A s ta te  of the
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5 . 4  COMPARISON TO THE GROUND STATE VIBRATIONAL STRUCTURE OF CgHg
The cyclopentadienyl rad ical (CgHg) i s  isoe lec tron lc  with the furan 
cation  (C4 H4 0+) ,  and consequently the s truc tu res  of the two species are 
expected to  be r e la te d .  In th i s  section , the v ibra tional Information obtained 
fo r  the furan cation in th is  work is compared to data previously published for 
the cyclopentadienyl ra d ic a l .  In addition, comparison is  also made to  a 
wavelength resolved emission spectrum for CgHg th a t  was recently  recorded in 
our own laboratory.
Due to  I t s  symnetrlcal Dg  ^ geometry, the ground s ta te  of the 
cyclopentadienyl rad ical i s  e lec tro n ica l ly  degenerate and thus according to
OQ
the Jahn-Teller theorem 0  i t  w ill d i s to r t  to a lower symmetry 1n order to  
remove th i s  degeneracy. The v ibra tions  corresponding to the Jahn-Teller 
active modes then become allowed and the resu lt in g  energy levels  are highly 
anharmonic. To date , approximately 200  vibra tional bands have been observed 
for CgHg®® and yet no extensive progressions have been found. Therefore a
complete understanding of the e lec tron ic  and v ibra tional spectrum appears to
0
n ecess ita te  the inclusion of the Jahn-Teller s p l i t t in g  in the Ej" ground 
s ta te .
Recently, Nelson e t  al.®® reported lase r  Induced fluoresence and 
wavelength resolved emission spectra for the gas phase cyclopentadienyl 
r a d ic a l .  This was accomplished by using a flashlamp pumped dye la se r  to  probe 
CgHg molecules produced by UV photolysis of cyclopentadlene (CgHg) a t  room 
temperature (300K ) in a four-way cross g lass photolysis c e l l .  A summary of 
the emission data recorded for lase r  exc ita t ion  a t 3 3 8 . 0 ,  3 3 7 . 3 ,  3 3 4 . 3 ,  3 2 9 . 1 ,  
3 2 6 . 6 ,  and 3 2 5 . 6  nm 1s presented in Table 9 .  3 3 8 . 0  nm corresponds to  the
e lec tro n ic  o r ig in  of the A 2A£ * X 2££ t ra n s i t io n  in CgHg. The o ther
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ex c ita t io n  wavelengths correspond to  fundametal v ibra tional frequencies 1 n the 
excited e lec tron ic  s ta t e .  Nelson e t a l . 6 9  could not obtain any s a t is fa c to ry  
f i t  to  the spectrum desp ite  the application of various methods. This 
supported th e i r  expectation tha t  multimode coupling between the various Jahn- 
T e lle r  ac tive  v ibra tions i s  important in the cyclopentadienyl rad ica l in a 
s im ila r  manner to  th a t  reported by Sears e t  a l . ^ 9  fo r  CgH3 p3 + and CgH3 Cl3 +. 
Hence, they concluded th a t  a complete understanding of the observed spectra  
would require  an in-depth ca lcu la tion  of the Jahn-Teller s p l i t t in g s  including 
the e f fe c ts  of the above-mentioned in te ra c t io n .
Recently we recorded a wavelength resolved emission spectrum fo r  C5 H5  in 
our own laboratory corresponding to  exc ita t ion  of the e lec tro n ic  o r ig in  at
338.0 nm (29585 cm-1 ) .  This spectrum is  presented in Figure 21. The data fo r  
th is  spectrum is  presented in Table 9. A b r ie f  Inspection reveals  th a t  our 
r e s u l t s  e s se n t ia l ly  confirm those of Nelson e t  a l . 69. The in te n s i t i e s  and 
v ib ra tional frequencies th a t  we observe are nearly Iden tical to  those reported 
previously. However, we do l i s t  a number of weak bands th a t  Nelson does not 
report fo r  ex c ita t io n  a t 338.0 nm but does report fo r  ex c ita t io n  a t  o ther 
wavelengths. This may ind icate  the e f fe c ts  of probing "cold" molecules in 
which there  are large populations in the lowest v ib ra tional levels  of th e i r  
ground e lec tro n ic  s ta te s .  Hence, LIF exc ita t ion  and WRE emission of the 0-0 
v ib ra tional t ra n s i t io n  1 s more eas ily  detected 1 n the free  j e t  expansion as 
compared to  the s t a t i c  gas environment.
A comparison of the ground s ta te  v ib ra tional frequencies observed by our 
group and Nelson e t  a l . 6 9  fo r  CgHg to  those we have reported fo r  the furan 
cation  y ie ld s  a p ic tu re  of two very s im ilar  s tru c tu re s .  The data we have 
obtained fo r  CgHg and C ^ O *  is  presented in Table 9 along with the r e s u l t s  of 
Nelson. The v ibra tional frequencies for the furan cation  are the same as
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TABLE 9. COMPARISON OF WRE DATA FOR THE C4 H4 0+ and CgHg
Nelson e t  a l .  Our Group
C5 H5  CgHg C4 H4 0+
Excitation Wavelength (nm)
338.0 337.3 334.3 329.1 326.6 325.6 338.0 Averages
  166  —        133
  287           287
  282     — —       ___________
    432 477 475   - —   459
883   877 874  -  880 846
—....................................................  953 995 970 ------
  1082 1085   1070 1068
1132 1149 1136 ---------- ----------- ---------- 1141 -----------
„ ----- ----------- ----------- ----------- 1245 1257 1238 1225
1317 1326 1309 1311 1327 1352 1302 1285
1430 ----------- ----------- 1429 1430 ----------- 1414 1409
1527 1541 1520 1546 1552 1515 1540 1525
-------- — ----------- ----------- ----------- ---------- 1608 1599 1585
1720 1721
1 700
1720 1753 1754 1726 1732 1776
1945
i /y j
1915 1987 1956 1973 _  _  __ _ 1928 1982
2025 ----------- 2 0 2 0 2042 ---------- 2028 2034
-------- — 2106 2189 ---------- 2156 2116 2130 2192
2228 ----------- 2227 2204 2245 2262 2227 -----------
2318 2309 2311 2315 2333 2305 -----------
2434 2428 2417 2440 2480 2491 2425 2433
---------- ----------- ----------- 2549 2467 ---------- 2516 -----------
2616 2685 2627 2627 2689 2675 2630 2667
2810 2858 2878 2795 2793 2876 2803 -----------
2882 2987 ----------- 2909 2905 ----------- 2874 -----------
3034 3072 3038 3051 3028 3078 3031 -----------
3129 3177 3124 ----------- ----------- ---------- 3144 - —
3258 3261 3260 3259 3246 3243 3248 -----------
----------- ---------- 3338 3340 3332 ----------- 3320 -----------
3433 3406 3422 3456 3455 3441 3427 -----------
----------- 3625 3576 3572 ----------- 3648 3681 -----------
- - ------- 3826 3755 3778 ---------- ---------- 3894 -----------
----------- ----------- 3938 ----------- ---------- 3995 3986 4022
----------- 4212 ---------- 4154 4117 4191
----------- ----------- 4356 ---------- ----------- 4361 4321 4323
----------- ---------- 4505 ----------- ----------- ----------- 4435 4473
----------- ---------- ----------- ----------- ---------- 4605 4635 4635
---------- ----------- ---------- ---------- 4730 4735 4823
---------- ---------- ----------- ---------- ----------- 4958 ----------- 5017
I l l
those l i s te d  1n Table 6  and, again, represent average values obtained fo r  
e x c i ta t io n  a t  a number of d if fe ren t  wavelengths. I t  i s  In te res tin g  to  note 
th a t  p ra c t ic a l ly  a l l  of the bands reported for the furan ca tion  correspond 
well to  some band in C5 H5 . The only exception to  th is  1s the band l i s t e d  at 
644 cm“^. This co rre la tion  is su rpris ing ly  good and may prove to  be of 
considerable importance in gaining fu rth e r  Insight in to  the Jahn-Teller e f fe c t  
in C5 H5 . Hopefully, the pseudo Jahn-Teller e f fec t  th a t  we suspect to  be 
present in C4 H4 0 + represents a more eas ily  understood lim iting  case of the 
more severe Jahn-Teller d is to r t io n  present 1n CjjHjj. Therefore a complete 
understanding of the In te rac tions  and the resu lt in g  v ib ra tional s tru c tu re  
present 1 n the furan cation  may render the corresponding e f fe c ts  and 
s tru c tu re s  in the cyclopentadienyl radical more th e o re t ic a l ly  t r a c ta b le .
5.5 ROTATIONAL STRUCTURE OF THE FURAN CATION
5.5.1 EXPECTATIONS
The ground s ta te  geometry of the furan ca tion , and hence the furan 
molecule as w ell ,  is  presented 1n Figure 6 . By inspection of the f igure  and
consideration of the d e f in it io n  of the in e r t ia l  moment
2
( i . e . ,  I = l m.r^, where the m^  are the atomic masses and the r* are thej 1 1  ■ '
perpendicular distances of the atoms from the ro ta tiona l a x is ) ,  one can in fe r  
tha t  the in e r t i a l  moment about the C2 V symmetry axis ( IA) would be 
approximately the same as tha t about an axis perpendicular to  i t  and a lso  in 
the molecular plane ( Ig ) .  Further, the in e r t ia l  moment about an axis 
perpendicular to  the molecular plane and through the cen ter of the molecule
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( I q) would be larger than e i th e r  IA or IB, since more of the atoms l i e  f a r th e r  
from th a t  ax is .  Hence, fo r  the furan cation , one has IA « Ig < l c . This is  
p rec ise ly  the d e f in it io n  of a near oblate symmetric top ro to r ,  which was given 
in section  3 .2 .3 .1 .  With th is  in mind, we proceed to  analyze the ro ta t lo n a l -
v ib ra tional spectra of the furan cation in terms of a near oblate  symmetric
top model.
5 .5 .2  ROTATIONAL SPECTRA AND RESULTS
In Figure 22 a ,  we present a higit-re solution (0.1 cm"*) la se r  induced
fluorescence exc ita t ion  spectrum of the o rig in  of the B + X t ra n s i t io n  of the
furan ca tion . Rotational assignments are l is te d  above the f ig u re .  Figures 
2 2 b and 2 2 c i l l u s t r a t e  the same spectrum recorded a t  d if fe re n t  argon c a r r ie r  
gas backing pressures. Since th e  spectrum in Figure 22a was recorded with the 
highest such pressure, i t  is  ro ta tio n a lly  the co ldest.  This i s  so because for 
higher backing pressures there are larger  numbers of cooling c o l l i s io n s  in the 
free  j e t  expansion. Therefore .the varia tion  of the backing pressure i s  one 
method by which spectroscopists  can exercise some control over the ro ta tio n a l  
temperature of the species formed Tn the  free  j e t .  This is  qu ite  useful for  
the ro ta tio n a l ana lysis ,  since i t  allows one to obtain very cold spectra  in 
which only a few J values are .present. These spectra can usually  be 
understood f a i r l y  eas ily  in terms of f i r s t - o r d e r  ro ta tio n a l constants ( i . e . ,  
Ae , Be , Ce ) .  Once these have been obtained, one can "heat up" the species 
ro ta t io n a l ly  by lowering the backing pressure and decreasing the number of 
cooling c o ll is io n s  and record more complicated spectra  which can be used to  
understand higher order ro ta tional in te ra c t io n s .  A computer simulation of
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FIGURE 22 . LIF ROTATIONAL SPECTRA o r  THE
ORIGIN OF THE ELECTRONIC TRANSITION 
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FIGURE 23. COMPUTER SIMULATION OF THE ROTATIONAL SPECTRUM IN FIGURE 22
2 (A)
X (B)
j(N ote: y -a x is  I n to  paper)
10 0 1 0I
R E L  F R E Q ( c m — 1 )
(N ote: Frequency s c a le  re v e rse d  a s  compared to  F ig u re  2 2 .)
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Table 10. Comparison of the Rotational Constants of the Furan Cation and 
the Furan Molecule
Furan Cation Furan Molecule
Rotational Constants X S tate  B S tate  X S tate
Av (cm"1) 
Bv (cm-1 ) 
Cv (cm"1)
0.300
0.290
0.150
0.867
0.310
0.300
0.165
0.862
0.315
0.308
0.156
0.912
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the spectra  presented in Figure 22 i s  i l lu s t r a te d  in Figure 23 fo r  a 
ro ta tio n a l temperature of 1.5 K. An In se r t  in the f igu re  p ic tu res  the 
ro ta t io n a l  axes and coordinate system for the furan ca tion . Also, Table 10 
l i s t s  the ro ta tio n a l constants for the furan cation  and compares them to those 
of the furan molecule. A discussion of th is  data follows below.
The B •» X e lec tro n ic  t ra n s i t io n  of the furan cation 1s
a Bg -*• A2  t r a n s i t io n .  The d i re c t  product of these two species Ind icates  th a t  
the t r a n s i t io n  dipole 1 n th is  instance belongs to  the B^  rep resen ta tion , I . e .  
Tx according to  Table 1. Therefore, th i s  system i s  a type B perpendicular 
band, since the t r a n s i t io n  dipole l ie s  perpendicular to  the top axis and along 
the B ro ta tio n a l ax is .  The ro ta tiona l  se lec tion  ru les  appropriate fo r  the 
oblate  top l im it are = ± 1  and aKc = +1 , where Kfl and Kc re fe r  to  the 
p ro jec tions  of the to ta l  angular momentum, J ,  along the C2v axis (A) and 
oblate  top axis (C). aK = 0 would correspond to  a p a ra l le l  t r a n s i t io n  in 
which the t ra n s i t io n  dipole has a component along the top ax is .  Since th a t
component 1 s zero 1 n th i s  instance, t ra n s i t io n s  of th i s  type are not
allowed. As one ge ts  f a r th e r  from the oblate top l im it ,  the relaxed se lec tio n
ru le s  aK = odd become allowed for an asymmetric ro to r .  Therefore, one
Q | C
expects to  see t ra n s i t io n s  with aK. = ±1, ±3, ±5......... as larger asymmetriesU|C
are considered.
To determine the asymmetry of a molecule, one can ca lcu la te  a quantity  
known as the "asymmetry parameter", given by
C - B
b ■ 2<av - vi / j ( b v t  evyy (60)
where Bv and Cv are given by equation (46) and Av can be Inferred from the
same equation. Using equation (60), one can construct the following parameter
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1 + 3b / <--t»
r r r - (61)
which takes the value - 1  fo r  a p ro la te  symmetric top and + 1  fo r  an oblate  
symmetric top (while b = 0  and - 1 , respec tive ly , fo r  these lim iting  cases).
For the furan molecule, one calcu la tes  a < value of 0.912 fo r  the ground 
e lec tro n ic  s t a t e ,  indicating th a t  i t  i s  in fa c t  a near oblate  synmetric top. 
However, the deviation of the k value from +1 implies the presence of a 
sub s tan tia l  amount of asymmetry. For the furan ca tion , one obtains k values 
of 0.867 and 0.862 fo r  the X and B e lec tron ic  s ta te s ,  respec tive ly .
Therefore, while th i s  is  a lso  a near oblate symmetric top, the ion possesses 
an even larger amount of asynmetry than the neutral molecule. This asymmetry 
1s i l l u s t r a t e d  by the presence of t ra n s i t io n s  in Figure 22 with aK = ±3.
These would not be allowed for a s t r i c t l y  symmetric top ro to r .
The frequencies and re la t iv e  In te n s i t ie s  fo r  the ro ta tio n a l t ra n s i t io n s  
were calcu la ted  by se tt in g  up the matrix of the ro ta tiona l hamlltonian 
opera to r, Hr , in a basis of synmetric top eigenfunctions and diagonalizing 
1 t.  Neglecting additional perturbations and in te ra c t io n s ,  the ro ta tio n a l 
hamiltonian is  given by equation (43) for Ek, where Pft, Pb , and Pc are 
replaced by th e i r  quantum mechanical operators . The diagonal elements of th is  
matrix are the ro ta tio n a l  energies, and the in te n s i t ie s  are calcu la ted  from 
the matrix of the dipole moment operator between the e ig en s ta te s .  This 
problem is  complicated for the furan cation by two additional e f fe c ts :
(1) Fine S truc tu re-  The unpaired e lec tron  spin is  coupled to  the angular 
momentum of the nuclear ro ta tion  (N). This coupling is  represented by a spin- 
ro ta tio n  term, Hs r , in the hamlltonian given by
+ eh. N. S. + €r r N^Sr  (60)s r  aa a a bb b b cc c c ' '
where Na , Nb , Nc are the components of the angular momentum of nuclear
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ro ta tio n  along the ro ta tiona l axes; Sa , S^. Sc are the components of the spin 
angular momentum along the ro ta tiona l axes; and e ^ *  ecc are the spin- 
ro ta tlo n  constants which r e f le c t  the magnitude of the pertu rba tion . (2)Sp1n 
S t a t i s t i c s -  These a f fec t  the In te n s i t ie s  of the t r a n s i t io n s .  Furan has four 
equivalent protons, meaning tha t they can be transformed in to  one another by 
the symmetry operations of the point group of the molecule. Only c e r ta in  
combinations of these spin eigenfunctions will transform according to  the 
various species of the point group. Therefore, the d if fe re n t  s ta te  symmetries 
w ill have d if fe re n t  spin s ta t i s t i c a l  weights fo r  i t s  rovlbronic t ra n s i t io n s  1 n 
accordance with the p a r t ic u la r  combination of spin eigenfunctions th a t  1 t  
possesses.
The ca lcu la tion  of the ro ta tional s truc tu re  as a type B perpendicular 
band was based on the assignment of the symmetry of the B e lec tro n ic  s ta te  of 
the furan cation as B2. The success of our analysis 1s fu r th e r  evidence th a t  
th is  i s  in fa c t  the true  species of th is  s ta te  and th a t  the e a r l i e r  
ca lcu la tions  of Derrick e t a l . 5 4  and Alti e t  a l . 5® 1n which the B s ta te  was 
assigned as having Aj symmetry were not co rrec t .
5.6 IONIC CLUSTER STUDIES
During the course of our investigation  into the s tru c tu re  of the furan 
ca tio n ,  we attempted to  form and study ionic c lu s te r s  of argon and helium with 
the furan cation . For such species, one would expect the in e r t  gas atom to  be 
a small perturbation to  the system, resu lting  in a spectrum esse n t ia l ly  
iden tica l  to th a t  of the furan cation but red- or b lue-sh ifted  by a small 
frequency in te rv a l .  However, in our case, no such spectra  were found.
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Nonetheless, we did observe evidence th a t  c luster ing  was occuring.
The photolysis  fo r  these studies was performed as a function of la se r  
in te n s i ty ,  distance from the nozzle, and c a r r ie r  gas backing pressure . The 
f i r s t  quantity  was varied in order to ascerta in  whether we were fragmenting 
the ionic c lu s te rs  as soon as they were being formed. The second quantity  was 
varied 1 n order to Investigate  the p o s s ib i l i ty  of two d i f fe re n t  formation 
mechanisms for the ionic c lu s te r s .  Formation for photolysis close to  the 
nozzle, where n-body (n > 2 ) c o l l is io n s  are occuring, would correspond to  the 
following formation mechanism ( i l lu s t r a te d  here for an argon c a r r ie r  gas):
(1) C4 H40 + 2hy(193 nm) -  C4 H4 0+
(2) C4 H4 0+ + Ar + C4 H4 0+-Ar
On the other hand, formation for photolysis fa r th e r  from the nozzle, where the 
density  of c o l l is io n s  is much lower and two-body co l l is io n s  dominate, would 
correspond to  the following process:
(1) C4 H40 + Ar + C4 H4 0-Ar
(2) C4 H4 0-Ar + 2hv(193 nm) - C4 H4 0+-Ar
The th ird  quantity  was varied in order to  see how c a r r ie r  gas backing pressure 
affected the formation of ionic c lu s te r s .  Based on simple In tu i t io n ,  one 
would expect th a t  larger backing pressures would increase the number of 
c o l l is io n s  between furan cations and Inert c a r r ie r  gas atoms and thereby 
Increase the number of ionic c lu s te rs  formed.
For photolysis as a function of la se r  In te n s i ty ,  no new s tru c tu re s  were 
observed. The in te n s i t ie s  of the furan cation signals merely increased or 
decreased as the photolysis lase r  in tensity  was varied.
For photolysis  as a function of distance from the nozzle, we did observe 
new s tru c tu re s  growing into the furan cation spectrum as the nozz le - lase r  
d istance was increased. However, these were present in both helium and argon
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c a r r i e r  gases. Therefore, we concluded tha t they must be due to  an Increase 
in the number of fragments ra th e r  than the formation of ionic c lu s te r s .  This 
i s  cons is ten t with our t 1 m e-of-flight mass spectroscopic analysis  of the ion 
products of the photolysis , where we observed an Increase in the y ie ld  of 
ionic fragments and a decrease in the y ie ld  of furan cations as the nozzle- 
photolysis  lase r  distance was Increased.
F in a lly ,  fo r  photolysis as a function of c a r r ie r  gas backing pressure, we 
again observed no new struc tu res  in the spectrum. However, as the pressure
was increased, the furan cation signals decreased rap id ly . For a
2 0 0  um o r i f i c e ,  strong furan cation signals  were observed a t a backing 
pressure of 60 PSI in both helium and argon c a r r ie r  gases. However, as th a t
was increased, the signal decreased subs tan tia l ly  1n helium by 500 PSI and
disappeared e n t i re ly  1n argon by 400 PSI. This depletion of the ion spectrum 
is  a behavior th a t  one would expect 1 f  c lu s te r in g  were occuring.
A dditionally , a more rapid depletion would be expected in argon since i t  is  
more po larizab le  than helium and, hence, c lu s te rs  more read ily .  To extend the 
many-body c o l l is io n  region in the supersonic free  j e t  expansion and thereby 
fu r th e r  encourage the formation of Ionic c lu s te r s ,  we performed these same 
s tud ies  with a 400 pm o r i f ic e  a lso . In helium, a sim ilar behavior was 
observed but with an Increased depletion of the ion signal occuring a t lower 
backing pressures. Likewise, in argon, the ion signals disappeared a t a lower 
backing pressure of 180 PSI with th is  larger o r i f i c e ,  ra ther  than a t 400 PSI 
as was observed with the smaller o r i f ic e .  Although no ionic c lu s te r  spectra 
were found, these observations are consis ten t with the idea th a t  c lu s te r in g  
may be occurring in our source.
6 . OPTICAL EMISSION STUDIES ON GRAPHITE IN A LASER/VAPORIZATION SUPERSONIC 
JET CLUSTER SOURCE
6.1 BACKGROUND
Plasmas formed by lase r  vaporization from a so lid  ta rg e t  in a supersonic
free  j e t  environment have been extensively used to study c lu s te r in g  of neutral 
Q 1 ?and ionic  species*" . A large number of these studies  have examined the 
r e la t iv e  abundances of the c lu s te r  sizes via mass spectroscopy. The inherent 
problems in  in terp re ting  these d is tr ib u t io n s  have recently  been the top ic  of 
much in te re s t* 0 ,7*’72. In th is  section the re su l ts  of op tica l emission 
s tud ies  on th i s  source using a graphite ta rg e t  are described in an attempt to  
e luc ida te  the processes th a t  are occurring in the i n i t i a l  stages of the 
expansion. Analysis of the spectra demonstrates th a t  localized ex c ita t io n  of 
the  species in the expansion 1 s occurring at energies th a t  exceed the thermal 
c o l l i s io n s .  Observation of the C2  Swan bands have been made a t  d istances as 
large  as 15 nozzle diameters (nd) from the o r i f i c e  and a t  times as long as 
6  ys a f te r  the la se r  pulse. This is  consis ten t with the idea th a t  excited C2  
molecules are being formed loca lly  1 n the free j e t  by c o l l is io n  processes th a t  
can supply approximately 3 eV excita tion  energy. Evidence th a t  supports low- 
energy e lec tron  c o l l is io n  processes via d issoc ia tive  recombination and 
attachment 1 s presented along with other mechanisms and the bearing of these 
r e s u l t s  on the in te rp re ta t io n  of c lu s te r  s t a b i l i t y  is  discussed.
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6.2 WRE SPECTRUM OF THE PLASMA EMISSION
Figure 24 shows a typical wavelength resolved emission spectrum produced
by la se r  i r r a d ia t io n  of a graphite ta rg e t  in a helium expansion. The spectrum
was recorded with a 200 ns gate delayed 1.8 us a f te r  the f i r in g  of the YAG
la se r  pulse which vaporized the surface of the graphite rod. I t  was viewed at
a d istance of 3 nd (3 mm) downstream from the nozzle. The 532 nm YAG la se r
in te n s i ty  was 350 MW/cm2  and the helium backing pressure was 60 PSI. The
emission spectra  were recorded with various time delays, downstream p o s it io n s ,
la se r  in te n s i t i e s ,  backing pressures , and c a r r ie r  gases. What i s  c lea r ly
73 3 3shown in Figure 24 is  a well-resolved Swan band (d n * a n ) emissiony
spectrum of the C2  molecule. There is  a lso  present a s tru c tu re le ss  continuous 
background th a t  extends from 350 to  650 nm and peaks a t  400 nm. The d isc re te  
band emission consis ts  soley of C2  Swan bands and, a t  higher i n t e n s i t i e s ,  C 
atom and 1 on emission.
6.3 CONTINUOUS LOCALIZED EXCITATION OF C2  MOLECULES IN THE FREE JET EXPANSION
6.3 .1  EVIDENCE FOR EXCITATION
3 3The c o l l i s io n  free  life tim e of the 0-0 d n -► a n t r a n s i t io n  was
9 u
measured by Smith7 4  to  be 170 ns. However, the spectrum in Figure 24 was 
recorded 1.8 us a f te r  the YAG lase r  exc ita t ion  was f in ished , which immediately 
e s ta b lish e s  the existence of continuous localized formation of excited C2  
molecules a t  th i s  point 1n the free  j e t .  The Swan band emission can o r ig in a te  
from two general c o l l is io n  mechanisms: (1) d ire c t  e x c ita t io n  of C2  molecules
C 2 Swann band
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FIGURE 24. WAVELENGTH RESOLVED EMISSION SPECTRUM OF C2 IN HELIUM
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and/or ( 2 ) the formation of excited s ta te  C2  molecules via d is so c ia t iv e  or 
recombinative processes. The C2  emission in the helium expansion was observed 
a t d istances of up to  15 nd from the o r if ic e  e x i t ,  or 20 nd from the graphite  
rod ( i . e . ,  the flow channel 1s 5 nd long), which corresponds to  a time of 
5 ps a f te r  the YAG laser pulse. The continuous emission p e rs is ted  beyond the 
15 nd region and extended as fa r  as the Mach d isk . At 10 nd s im ilar  
observations were made with an argon c a r r ie r  gas as shown 1n Figure 25, 
although there  i s  an overall drop in the C2  Swan band emission. In argon, the 
de tec tion  of the Swan band emission at 10 nd t ra n s la te s  Into a time of 
approximately 15 ps a f te r  the YAG lase r  pulse. The overall emission is  
observed to  be in sens itive  to  the c a r r ie r  gas backing pressure over the range 
of 1  to  1 0  atmospheres.
6 .3 .2  EXCITATION MECHANISMS
6 .3 .2 .1  GENERAL CONSIDERATIONS
The 15 nd l im it of the Swan band emission can be in terp re ted  as the need 
fo r  n-body c o l l i s io n s ,  with n > 3, as a p re requ is ite  for C2  emission. For 
expansion conditions th a t  are typical for a room-temperature source (300K) the 
n-body c o l l i s io n  region is  assumed to  be fin ished within the f i r s t  5 nd*. 
However, considering the elevated temperatures of the graphite  plasma source 
(the melting point of graphite i s  3823 K) and the fac t  th a t  the number of n- 
body c o l l is io n s  occurring in the j e t  is  proportional to  the square root of the 
local temperature^®, 1 t  1 s reasonable to assume tha t  the n-body c o l l i s io n  
region extends to  15 nd. This i s  also consis ten t with our observation th a t
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FIGURE 25. EMISSION SPECTRA IN ARGON AND HELIUM 
AT TEN NOZZLE DIAMETERS
126
the emission velocity  d is tr ib u tio n  within the f i r s t  few nozzle diameters i s  
broadened and has a rr iv a l  times fa s te r  than expected by thermal1 zation. 
However, by 15 nd the emission d is t r ib u t io n  1s s ig n if ican tly  narrower 
( t r a n s la t io n a l ly )  and approaching the bulk flow velocity .
6 .3 .2 .2  HEAVY-BODY COLLISIONS
After the la se r  pulse has terminated and su ff ic ie n t  e lec tron  cooling has 
occurred, the molecules, atoms, and ions 1 n excited s ta te s  can only be created 
in heavy-body c o ll is io n s  of the second kind or through e lec tron-ion  or ion-ion 
recombination^®. Certain heavy-body co ll is io n s  were considered as possib le  
mechanisms fo r  producing excited s ta te s  of the C2  molecule a t  times much la te r  
than the YAG la se r  pulse. One such mechanism 1s Penning co l l is io n s  with 
atomic o r molecular metastable s ta te s .  To determine the presence of helium 
metastable s ta te s  we performed an LIF study on the strongly 
allowed 2 * 3 tra n s i t io n  of helium ^. The output from a BBQ dye la se r
was focussed onto the expansion a t a point downstream from the nozzle and the 
fluorescence was collected as a function of the dye la se r  wavelength. The LIF 
was detected through a monochromator which was fixed a t  the 388.9 nm 
t r a n s i t io n  of helium in order to reduce the background emission and thus 
enhance our s e n s i t iv i ty .  No helium metastables were detected , although the 
experiment was repeated fo r  various values of helium backing pressure, 
downstream posit ion , and LIF exc ita t ion  times with respect to  the YAG lase r  
pulse. Therefore, Penning c o l l is io n s  with metastable helium atoms can be 
excluded as a l ik e ly  exc ita t ion  mechanism for producing excited s ta te  C2  
molecules. Likewise, the exclusion of metastable argon atoms can also be
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deduced. We also  suspected th a t  there might be large amounts of CO molecules
i p  7 0  7 Q
1 n our source since various groups * 7  have reported the formation of
copious amounts of N1, Fe, and Cu oxides using a sim ilar lase r/vaporiza tion
source. Consequently, we f e l t  i t  necessary to determine i f  the 
3
metastable a n s ta te  of CO could be responsible fo r  the Swan band emission.
LIF de tec tion  of metastable CO molecules was accomplished by scanning a
3 3  +frequency-doubled Coumarin 540A dye lase r  over the a n -*■ b 1 t r a n s i t io n .
No de tec tab le  amount of metastable CO was observed. The n e g l ig ib i l i ty  of 
metastable s ta te s  produced by any Impurities in the graphite  rod was v e r if ied  
by using an annealed high-purlty  sample. This experiment rendered no 
observable change 1n the emission spectra . The species responsible fo r  the 
continuous background emission was also  considered as a possible candidate for 
metastable s ta te  ex c ita t io n . Figure 26 shows a plot of the in ten s i ty  
dependence of both the C2  and continuous emission. I t  i s  c lea r  th a t  the Swan 
band emission appears a t a s ig n if ican tly  higher ra te  than the continuous
O
emission. Likewise, above a lase r  in ten s i ty  of 575 MW/cnr, there  i s  a region 
where C2  emission is  observed even when no continuous emission 1s p resen t.  
Therefore, i t  is  possible to es tab lish  the ro le  of Penning-type c o l l i s io n s  as 
neg lig ib ly  small.
6 .3 .2 .3  ELECTRON COLLISION PROCESSES
By elim ination of heavy-body co ll is io n s  of the second kind, e lec tron  
c o l l i s io n  processes become very p lausib le  mechanisms for the production of C2  
Swan band emission. At f i r s t  glance, the most d ire c t  mechanism would be C2  
c o l l i s io n s  with "hot" 3 eV electrons formed by the YAG la se r  vaporization.
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However, by 0.5 ys a f te r  the YAG lase r  pulse su f f ic ie n t  e lectron  cooling has
Q A
occurred to  reduce the electron  energies to  less  than 0.5 eVw . This 1s quite  
consis ten t with the Idea tha t  the electron c o l l is io n  frequency 1 s extremely 
high 1 n both the nozzle th roa t and the n-body co l l is io n  region of the 
expansion and th a t  the absolute ve lo c it ie s  of the C2  molecules and the 
e lec trons  must be nearly the same. Thus, d ire c t  "hot" e lec tron  impact appears 
to  be very un iikely .
On the other hand, slow electron  processes, p r in c ip a lly  e lec tron  
recombination, are s t i l l  highly probable mechanisms. Such processes as 
electron-molecule d isso c ia tiv e  attachment®^, e lec tron-ion  and ion-ion 
recombination7® must a l l  be considered as p lausib le  mechanisms. Various 
groups*®1** doing mass spectroscopy on s im ilar  lase r/vapor 1 z a t 1 on graphite  
sources and under s im ilar  conditions have produced considerable evidence 
es tab lish ing  the existence of abundant amounts of C^ ,, m > 1 , ca tions and 
anions in our source. This coupled to  the observation th a t  Swan band emission 
occurs prim arily  in a region characterized by n-body processes would ind ica te  
a three-body process involving an e lec tron . The th ird  body, most probably a 
neutral in e r t  c a r r ie r  gas atom, would be responsible for removing excess 
energy Into tra n s la t io n a l  degrees of f r e e d o m .  This hypothesis 1s supported by 
the spectra  1n Figure 25. Due to  the larger  s ize  of argon as compared to  
helium, the number density  of argon atoms in the j e t  1 s lower than for helium 
fo r  s im ila r  backing pressures. This means th a t  the p robab ili ty  of a th ree -  
body c o l l i s io n  of the type described above is  also lower. Consequently, the 
C2  Swan band s ignals  observed in argon should be le ss  than those in helium, 
which is p rec ise ly  what is  observed.
The recombination (attachment) process can be viewed as low-energy 
e lec trons  approaching along the ground s ta te  po ten tia l of the cation  (neu tra l)
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o r ,  a l te rn a t iv e ly ,  as electrons approaching near threshold to  the neutral
(anion) molecule. Two sp ec if ic  mechanisms can be eas ily  ruled out as
un likely . These are (1) C2  cation-He neutral charge exchange and (2) atomic
carbon cation  and anion recombination. Mechanism (1) would require  the
addition of 15 eV of in terna l energy via a high-energy impact and therefore
leads to an extremely small charge-exchange cross-section®*. Mechanism (2) is
eliminated based on the experimental observation, tha t  as the la se r  in ten s i ty
1s increased above 1 GW/cnr, the 1ons produced are predominantly atomic 
oncarbon , and therefore  C2  Swan band emission should not only be observable 
but most probably increased as well 1 f th is  mechanism were responsible fo r  the 
C2  ex c i ta t io n .  However, n o  Swan band emission is  observed a t  these 
in te n s i t i e s ,  as is  apparent from Figure 26. F ina lly ,  in considering various 
d isso c ia tiv e  processes, d issoc ia tive  attachment is  not expected to  be as 
probable a mechanism as d issoc ia tive  recombination, provided equal numbers of 
ions and neu tra ls  are present, since the e lectron  a f f in i ty  of an atom is  much 
less  than th a t  of i t s  corresponding ion. In f a c t ,  cross sections for the 
l a t t e r  process have been known to  be as much as three  orders of magnitude 
la rger  in  some cases®*. However, in our source, neu tra ls  are orders of 
magnitude more abundant than charged species, thereby making the y ie ld s  for 
both processes comparable.
In view of the evidence presented in th is  sec tion , we propose th a t  the 
dominant mechanism for the production of C2  Swan band emission 1s low-energy 
e lectron  c o l l i s io n s  with Cn cations (n > 2) and neutrals  (n > 2) followed by 
d is so c ia t io n ,  where one of the fragments i s  an excited C2  molecule. Although 
the exact nature of the recombination and/or attachment is  d i f f i c u l t  to  
e lu c id a te ,  we are confident th a t  such processes are responsible for the 
emission in the i n i t i a l  stages of the supersonic expansion. In the p a r t ic u la r
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case of Cn ca tion  recombination with an electron for n=2. e n e r g y  conservation 
requ ires  the removal of approximately 9 eV of t ra n s la t io n a l  energy by a th ird  
body, therefo re  making th i s  an unfavorable process. However, as n Increases, 
the p robab ili ty  for Cn d issoc ia tive  recombinations which lead to the formation 
of excited s ta te  C2  molecules increases due to the presence of additional 
fragmentation channels Involving other carbon c lu s te r s .  These fragments 
possess many in terna l degrees of freedom and provide a var ie ty  of channels by 
which to  couple out excess energy from the system by means other than 
t ra n s la t io n a l  motion. This Increases the number of pathways by which a given 
reaction  can take place, hence making 1t more probable. In addition to  
e lec tron  recombination, d issoc ia tive  recombination between Cn cations and 
anions is  another p lausib le  mechanism. Assuming th a t  equal d en s it ie s  of Cn 
anions and e lec trons  are p resen t, the cross section fo r  recombination with a 
Cn ca tion  is  expected to be s im ilar  for the two species. However, the density  
of e lec trons  is  expected to  be orders of magnitude la rg e r  than the density  of 
Cn anions*®***’^®, indicating th a t  Cn recombination with an e lectron  i s  a much 
more favorable process.
6 .4  IMPLICATIONS OF THIS STUDY
In the preceeding sec tion , we have demonstrated th a t  localized  formation 
of excited C2  molecules in the n-body region of the free  j e t  expansion is  
l ik e ly  occurring via low-energy e lec tron  processes involving both Cn 
cations (n > 2) and neutra ls  (n > 2). Electron recombination with C2  ca tions 
i s  considered to  be energe tica lly  less  favorable than with la rger  Cn 
ca tio n s .  In add ition , d isso c ia tiv e  recombination between Cn cations and
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anions 1s possible but fa r  less  probable than electron  processes. The 
evidence supports the Idea th a t  the dominant c o l l is io n  mechanisms are 
d isso c ia tiv e  recombination and d issoc ia tive  attachment. The possib le  e f fe c ts  
of these processes on both the neutral and charged c lu s te r  d is t r ib u t io n s  th a t  
can be observed downstream from a laser/vaporization  c lu s te r  source must be 
considered very care fu lly .  This 1s especia lly  tru e  If such processes are 
found to be se lec tiv e  in th e i r  fragmentation channels, since t h i s  could 
indicate  th a t  ce r ta in  "magic numbers", which were inferred from c lu s te r  
d is t r ib u t io n s  obtained with such a source, do not necessarily  re fe c t  c lu s te r  
s t a b i l i ty  but fragmentation preference Instead. This Idea re in fo rces  the
0 1? 71concerns and e f fo r ts  of others * , and fu r th e r  serves to Indicate  th a t
c lu s te r  s t a b i l i t y  experiments should be performed on Iso la ted  mass se lec ted  
beams 1 n order to  eliminate any ambiguity 1 n In te rp re ting  the meaning of 
"magic numbers".
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